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Abstract 

The vacuum of QCD is characterized by the Higgs mechanism. 
Color is "spontaneously broken" by a quark-antiquark condensate in 
the octet representation. The massive gluons carry integer electric 
charges and are identified with the vector mesons. The fermionic ex- 
citations consist of the low mass baryon octet and a singlet. The 
interactions between these particles and the light pseudoscalar octet 
are largely determined by chiral symmetry and a nonlinear local sym- 
metry. A consistent phenomenological picture of strong interactions 
at long distances arises from a simple effective action. 
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1 Introduction 



An understanding of the properties of the vacuum is a central goal in the 
description of strong interactions by quantum chromo dynamics (QCD). Re- 
cently, it has been proposed that the local color symmetry is broken sponta- 
neously by a dynamical quark-antiquark condensate [|l| . The Higgs mech- 
anism provides a mass for all gluons, thereby squeezing the gauge fields be- 
tween color charges into flux tubes. The separation of two color charges 
leads therefore to an increasing potential until the string breaks due to par- 
ticle production. This results in a simple picture of confinement. The Higgs 
mechanism also gives integer electric charge to all physical particles. Further- 
more, the expectation value of the quark-antiquark color octet breaks the 
global chiral symmetry. In consequence the fermions become massive and 
the spectrum contains light pions and kaons as pseudo-Goldstone bosons. 
In the limit of equal masses for the three light quarks the global vector-like 
SU(3)-symmetry of the "eightfold way" remains unbroken and can be used 
for a classification of the particle spectrum. The nine quarks transform as 
an octet and a singlet. We identify the octet with the low mass baryons - 
this is quark-baryon duality. Similarly, the eight gluons carry the quantum 
numbers of the light vector mesons p.,K* etc.. The identification of massive 
gluons with the vector mesons is called gluon-meson duality. 

Strictly speaking, local symmetries cannot be broken spontaneously in the 
vacuum. This has led to the realisation that the confinement and the Higgs 
description are not necessarily associated to mutually exclusive phases. They 
may only be different facets of one and same physical state We stress 
that this observation is not only of formal importance. For example, the 
high temperature phase transition of electroweak interactions with a small 
Higgs scalar mass ends for a larger scalar mass in a critical endpoint. Beyond 
this endpoint the phase transition is replaced by an analytical crossover [|]. 
In this region - which is relevant for a realistic Higgs mass in the standard 
model - a Higgs and a confinement description can be used simultaneously. 
Our picture of the QCD vacuum ressembles in many aspects the "strongly 
coupled electroweak theory" at high temperature^. 

For strong interactions, the complementarity between the Higgs- and con- 
finement description of the vacuum has been mainly discussed in toy models 
with additional fundamental colored scalar fields In contrast, our ap- 
proach concentrates on standard QCD with the gauge coupling and the cur- 
rent quark masses as the only free parameters. Similarly to chiral symmetry 
breaking the relevant dynamical condensate is provided by a quark-antiquark 
pair. The main difference to the usual treatment of chiral symmetry breaking 

^Without a direct connection to the standard model the 5J7(2)-Yang-MiUs theory with 
stong gauge coupUng and fundamental scalar has been first simulated on the lattice in |^] . 

■^See also ref. |0] for early discussions of strong interactions with additional fundamental 
colored scalar fields. 
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is the assumption that both color singlet and octet composite fields acquire 
a vacuum expectation value. 

We propose that besides the effective running of the gauge coupling the 
main ingredient of low-momentum QCD consists of effective scalar fields 
representing quark- ant iquark bound states. Once these composite operators 
are treated on the same footing as the quark and gluon fields, the description 
of propagators and vertices in terms of an effective action becomes again very 
simple. The long-sought dual description of long-distance strong interactions 
can be realized by the addition of fields for composites. This is very similar 
to the asymptotically free nonlinear sigma model in two dimensions where 
the addition of the composite "radial excitation" provides for a simple dual 
description of the low momentum behavior [§. We will call this particular 
version of duality where a simple effective action for the low momentum 
degrees of freedom can be achieved by the addition of fields for composite 
operators by the German wordQ "Vervollstandigung" . 

Spontaneous breaking of color has also been proposed for situations 
with a very high baryon density, as perhaps in the interior of neutron stars. In 
this proposal a condensation of diquark operators is responsible for color su- 
perconductivity and spontaneous breaking of baryon number. In particular. 



the suggestion of color-fiavor locking |10] offers analogies to our description 



of the vacuum, even though different physical situations are described (va- 
cuum vs. high density state) and the pattern of spontaneous color-symmetry 
breaking is distinct (quark-antiquark vs. quark-quark condensate; conserved 
vs. broken baryon number). This analogy may be an important key for the 
understanding of possible phase transitions to a high density phase of QCD. 

After spontaneous color symmetry breaking by an octet quark-antiquark 
condensate all quantum numbers of the excitations above the vacuum match 
with the observed spectrum of low mass particles. (These quantum num- 
bers include baryon number, strangeness, isospin and spin as well as parity 
and C-parity.) We have therefore little doubt that such a description of the 
QCD vacuum is, in principle, possible. In the present paper we investigate 
the more specific hypothesis of "scalar Vervollstandigung". This hypothesis 
states that the effective action becomes simple once one adds to the quark and 
gluon fields the scalar fields with the quantum numbers of quark-antiquark 
pairs. More precisely, we assume that in leading order only invariants with 
mass dimension smaller or equal to four have to be included, where the scalar 
fields are counted according to their canonical dimension. This "renormaliz- 
ableQ effective action" is assumed to be valid for low momenta. It exhibits a 
number of new couplings which describe the scalar potential and the Yukawa 
couplings between scalars and quarks. In principle, these couplings are cal- 
culable in QCD as a function of the gauge coupling or Aqcd- In this work we 

^To be translated roughly by "completion" . 

^Renormalizability is here no fundamental property since the validity of the effective 
action needs not to cover a large range of momenta. 
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make no attempt of such a computation. (See ref. for first steps in this 
direction.) We rather perform a phenomenological analysis treating the new 
couphngs as free parameters. We concentrate on the hmit of equal current 
quark masses. Besides the explicit chiral symmetry breaking by the current 
quark mass seven effective couplings are relevant for our discussion. Four 
of them appear only in the mass formulae for the light baryon octet and 
singlet and the ?7'-meson. The masses and interactions (including interac- 
tions with baryons) of the pseudoscalar and vector mesons carrying isospin 
or strangeness are governed by only three effective parameters: the expec- 
tation values of the scalar octet (xo) and singlet ((To)and the effective gauge 
coupling (g). We fix xo, c"o and g by the observed values of the vector meson 
mass, the pseudoscalar decay constant and the electromagnetic decays of the 
vector mesons. "Predictions" for other quantities in this sector like the de- 
cay width for p — 27r involve then no further free parameters. We will argue 
that the hypothesis of scalar Vervollstandigung gives indeed a satisfactory 
description for long-distance strong interactions in leading order. 

In sect. 2 we describe our setting in more detail and specify the transfor- 
mation properties of the fields under the various symmetry transformations. 
In particular, the emergence of an integer electric charge for the excitations 
above the vacuum (physical particles) is discussed in sect. 3. Sect. 4 intro- 
duces a nonlinear description for the fields corresponding to physical parti- 
cles. This makes the complementarity between the "Higgs picture" and the 
"confinement picture" manifest. In the nonlinear description the local color 
symmetry remains unbroken and all physical particles transform as color sin- 
glets. The remnant of the color symmetry for the interactions of the physical 
particles is a nonlinear local reparametrization symmetry. This is investi- 
gated in sect. 5. After a gauge fixing consistent with a simple realization of 
parity we arrive at the effective action for the nonlinear "physcial fields" . In 
sect. 6 we turn to the issue of baryon number B. We address the puzzle how 
quarks with B = 1/3 and baryons with B = 1 can be described by the same 
field. In the Higgs language this issue is obscured by the fact that the gauge 
fixing is not compatible with the global transformation associated to B. A 
careful treatment reveals that baryons carry indeed three times the baryon 
number of quarks. 

In sect. 7 we turn to the electromagnetic interactions for the nonlinear 
physical fields. They are largely governed by the nonlinear local reparametriza- 
tion symmetry. We recover the well established concept of vector dominance 
as well as successful relations between hadronic and electromagnetic decays of 
the p-meson. Some shortcomings of the scalar Vervollstandigung concerning 
the physics of the vector mesons are listed in sect. 8. Here we also propose 
an extension to "scalar- vector Vervollstandigung" by adding fields for quark- 
antiquark bilinears in the vector and axial-vector channels. This completes 
the spectrum of light mesons by the ninth vector meson (the SU (3)-singlet) 
and the axial- vector mesons. In sect. 9 we discuss the effective interactions 
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between the pseudoscalar mesons which follow from the hypothesis of scalar 
VervoUstandigung. Their generic form is determined by chiral symmetry 
and we compute some of the effective couplings Lj which appear in next-to- 
leading order in chiral perturbation theory. The agreement with observation 
is very satisfactory. The weak interactions are introduced in sect. 10. There 
we show that the A7 — 1/2 rule for the hadronic kaon decays arises natu- 
rally in our setting. In sect. 11 oTir discussion is extended to diquark fields 
which presumably play an important role for QCD in a medium with high 
baryon density. This opens new perspectives on the qualitative features of 
the QCD-phase diagram for large temperature and chemical potential. The 
short sect. 12 sketches the inclusion of the heavy quarks charm, beauty and 
top in our approach. We finally present a summary and conclusions in sect. 
13. 

2 Quark-antiquark condensates 

a) Effective action 

In this section we describe the effective action for long-distance strong 
interactions according to the hypothesis of scalar VervoUstandigung. By de- 
finition the effective action generates the one-particle-irreducible (IPI) corre- 
lation functions and includes all quantum fluctuations. It therefore contains 
the direct information about the propagators and proper vertices. 

In addition to the quark and gluon fields we consider scalar fields with 
the transformation properties of quark-antiquark pairs. With respect to 
the color and chiral flavor rotations SU{?))c x S'f/(3)L x SU{3)r the three 
light left-handed and right-handed quarks ipL,'^R transform as (3,3,1) and 
(3,1,3), respectively. Quark-antiquark bilinears therefore contain a color sin- 
glet $(1, 3, 3) and a color octet x(8, 3, 3) 

7ij ~ Xij "I" 
<P = -^lii , Xn = (2.1) 

Here we use a matrix notation for the flavor indices and write the color indices 
i,j explicitly, e.g. XijM = Xiji 4>ab = <f>- Then 7.^ contains 81 complex scalar 
fields. Similarly, the quark fields are represented as three flavor vectors ipai = 
ipi, ipia = ipi. The infinitesimal SU{3)c x SU{3)l x SU{3)r transformations 
are given by 

{6iPR)i = i^R,j{Ql)ji + iQRijR,i (2.2) 

with 

{^ch = \0h{^){>^zh, Ql,r = \ei,RK (2.3) 



4 



Here \z are the eight Gell-Mann matrices normahzed according to Tr{XyXz) = 
2Syz and Gc is a scalar in flavor space. Correspondingly, the scalar flelds 
and transform as 

6(f) = iQR(j) - i(f)QL, 

SXij = i^RXij - iXij'S>L + i{.Qc)ikXkj - iXiki'S)c)kj (2.4) 
As usual we represent the eight SU (3)c-gauge flelds by 



1 

2' 

{5A)ij^f, = i{Qc)ikAkj,^, - iAik,i,iQc)kj + -d^,iQc)ij (2.5) 



We consider a very simple efi^ective Lagrangian containing only terms with 
dimension up to foui0 

C = iZ^tpa^'d^ipi + gZ^ipi'j^'Aij^f.tljj + ^Gf^^Gji^^^ 
+Tr{(Z}^,,)^^M7.,} + f/(7) 

+Z^i;,[{h<pS,, + hx^J)^^^ - {h<P^S,, + hx],)^^]i^j (2.6) 



Here Gij^^^ = d^Aij^y-dyAij^^-igAik,^Akj,y+igAik,yAkj,^ and the interaction 
between gluons and x arise from the covariant derivative 

-D^7ii = d^^^ij - igAik,f^^kj + igiikAkj,!, (2.7) 

In our notation the transposition acts only on flavor indices, e.g. {'^\j)ab = 
lii,ba- '^^^ effective potential 

f/(7) = f/o(x, </>) - \^{det + det </)t) - ^z/'(i?(</>, x) + E\<i), x)) 

-^(0) X) ~ '^^axa2a3^bxb2b34'axbxXij,a2b2Xji,a3b3, (2-8) 



conserves axial U{1) symmetry except for the 't Hooft terms ~ v,v' . For 
the purpose of this section the only information we need from Uq concerns 
the expectation values ctq and Xo for the singlet and octet in the limit of 
equal quark masses. The hypothesis of scalar VervoUstandigung states that 
the leading behavior of low energy QCD can be directly extracted from the 
propagators and vertices of the effective action (|2^ ). 



Finally, explicit chiral symmetry breaking is induced by a linear term |]T3 
i = i'^ = agTh = ag diag{Thu,md,rhs) (2.9) 



^Four our conventions for fcrmions see [ p] . 
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with rfiq the current quark masses normahzed at some appropriate scale, say 
/i = 2 GeV. We note that the quark wave function renormahzation can 
be absorbed by a rescahng of ip- We keep it here in order to discuss later 
a possible simple bridge between our picture and the nonrelativistic quark 
model. 

Besides the explicit chiral symmetry breaking in (|2.9|) the model contains 



the seven real parameters g, h, h, ctq, Xo, ^ and v' . In fact, the effective action 
( |2.6|) is the most general[] one which contains only "renormalizable" interac- 
tions and is consistent with S'f/(3)c x S'f/(3)L x S'[/(3)ij symmetry, as well 
as with the discrete transformations parity and charge conjugation (c is the 
charge conjugation matrix) 

0^0"^, Xij,ab Xlba 



0-^0^, Xij,ab Xji,ba (2.10) 

We will show that the masses and interactions of the lightest octets of baryons 
as well as pseudoscalar and vector mesons are well described by the effective 
action (|2.6| ), (|2.9|) . A few shortcomings in the vector meson sector and a 
sketch of a possible extension are discussed in sect. 8. 

Actually, there is no reason why only interactions between scalar and 
pseudoscalar quark-antiquark bilinears should be present as in ( |2.6| ). Effec- 
tive four-quark interactions (IPI) in the vector or axial-vector channel are 
certainly induced by fluctuations, and we will discuss them in appendix A. 
There is also no need that the effective action has to be of the "renormal- 
izable form" ( ^.61 ). In fact, we have at present no strong argument why 
higher-order operators have to be small. In the spirit that a useful dual de- 
scription should not be too complicated, we simply investigate in this paper 
to what extent the hypothesis of scalar VervoUstandigung ( |2.6| ) is compatible 
with observation. If successful, the neglected subleading terms may be con- 
sidered later for increased quantitative accuracy. Furthermore, we know that 
QCD contains higher resonances like the A or the axial-vector mesons. They 
are not described by the effective action ( ^.6| ). One may include them by the 
introduction of additional fields for bound states (see appendix A). This is, 
however, not the purpose of the present paper. We only mention here that 
"integrating out" the missing resonances with lowest mass presumably gives 
the leading contribution to the neglected higher-order operators. Those will 
typically contain "nonlocal behavior" in the momentum range characteristic 
for the resonances. 

^The only exception is the omission of a possible ?7(1) a- violating term cubic in x 
which is not present in the 't Hooft interaction ||l^ and also not generated by one-loop 
fluctuations. 
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b) Connection to perturbative QCD 

In a renormalization group framework the parameters appearing in ( |2.6| ) 
can be considered as running coupling constants. For instance, we may as- 
sociate Ffc = / df'xC with the effective average action which exhibits an 



infrared cutoff k. Then only quantum fluctuations with momenta larger than 
k are included. The vacuum properties and the physical particle spectrum 
should be extracted for k = For short-distance scattering processes, how- 
ever, one may account for the momentum dependence of the vertices by using 
for k an appropriate momentum scale. Our description should coincide with 
perturbative QCD for large enough k. 

Let us look first at the range of validity of perturbative QCD. For large k 
(say k^2 GeV) we expand Uq = Tr (j)^(f) + m'^ Tr xljXij + ••• and assume 
that both and are large and positive. Then the additional scalar 
excitations will effectively decouple. They can be eliminated by solving the 
scalar field equations in terms oftpjtp and A and reinserting this solution into 
the effective action. For ip = = 0, y4^ = 0the expectation value < x > 
vanishes. On the other hand one finds < >= ^m^^Z^^^^j and therefore 
effective quark masses 

Tfig = -hm^'^Z^^^'^jq. (2.11) 

This is the only relevant coupling induced by the additional degrees of free- 
dom and exactly what is needed for perturbative QCD! We have explicitly 
checked that in leading order the running of the quark masses only arises 
from gluon diagrams. (The sources j are constant and the effects of the run- 
ning scalar wave function renormalization Z$ drop out.) Comparing with 
( |2.9D we find for /c = = 2 GeV the relation 

aq{fi)=2ml{fi)Z'J\fi)h-\fi) (2.12) 
For = the exchange of (p and x produces a correction AC 

AC = h' (^^) ^m) (mj - d^d,)-' (^^,.,1±^V^,,. 

-\ (^.a^^V'M) {ml - d^d,)-' (^,6^V^a,) } (2.13) 

This corresponds to a one-particle irreducible effective four-quark interac- 
tion which can be computed perturbatively by evaluating the relevant box 
diagrams with two internal gluon and quark lines. One finds 

^^^^^ ^(^^^^ 

ml{k) 144772 p ' ^2(^) 3347^2 p ^ ■ > 

with /| a constant of order one which depends on the precise choice of the 
infrared cutoff k. We emphasize the composite character of the scalar fields 
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which imphes that the ^-dependence of m^2 or h is essentially determined 
by the QCD-box diagrams if k is large. Since the source j is independent of 
the renormalization scale /i, one infers from ( p.9|) , ( 2.12 ) and (|2.14 ) that the 
^-dependence of obeys for the perturbative range 

A small value of the scalar wave function renormalization for large k is 
consistent with a composite scalar field. 

/,From the exchange of x we also obtain for ^ higher-order gluon 
interactions by expanding — Tr ln{m'^ — D'^[A]) with the covariant Lapla- 
cian. All these corrections are nonrenormalizable interactions which are "ir- 
relevant" by standard universality arguments. This means precisely that 
they are computable within the range of validity of perturbation theory. In 
fact, the scalar fields in may be viewed as a shorthand for the presence of 
these nonrenormalizable quark and gluon interactions in the effective action. 

Due to the presence of quark fluctuations the mass terms m| and 
decrease as k is lowered. Perturbation theory typically breaks down once 
ml or are of the same size as fc^. Furthermore, the relative importance 
of the anomaly terms increases. These cubic interactions tend to destabilize 
the minimum of the potential at = x = (for j = 0). It is our central 
postulate that in the nonperturbative region of small k the minimum of the 
effective potential U is located at nonzero expectation value^ for both < > 
and < X > even for j = 0. A first dynamical analysis based on a mean field 
approximation indeed suggests that this postulate is reasonable. 

c) Spontaneous symmetry breaking 

For small enough and equal quark masses the usual color singlet chiral 
quark condensate < qq > can be related to the expectaton value of (p 

< 4>ab >= (^oSab (2.16) 

by saturating the expectation value of the explicit chiral symmetry breaking 
term. From Cj = I]gmg(yu) < qq > (/i) and (P^), ( |2.11| ) one finds 



<qq>{^) = -Z,^ {0)j,aom,{^) =-^±_i^__j (2.17) 

The expectation value ( p.l6|) breaks chiral symmetry. It preserves a vector- 
like flavor symmetry SU{3)y with transformations given by 6f^ = and 
color symmetry. 

^The SU{3)c color breaking by nonzero < x > occurs only in a gauge-fixed version, 
whereas an explicitly gauge-invariant formulation is used below. 
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We suggest that the essential features of confinement are described by 
nonzero < x>- For equal quark masses we propose 



< Xtj,ab >= -j=XoyjiKb = -^Xoi^iaSjb - -^S^jSab) (2.18) 

with real xo > 0. This expectation value is invariant under vectorlike 
SU{3)v transformations by which identical left and right flavor rotations 
and transposed color rotations are performed with opposite angles. More 
explicitly, they are given by Ol — ^r — ^^^^^q = Oy with e*-^^ = —1 for 
z = 1, 3, 4, 6, 8 and e*^^-* = 1 for 2; = 2, 5, 7. The SU (3)v/-transformation prop- 
erties of the various fields follow by inserting in eqs. (|2.2|) , (|2.4|) and (|2.5| ) 
Ql = Qr = -{Qc7 = Qv 

^v^S> = ii^v)ikAlj^^-iAji^^^{ev)kj 

Sv^ab = i{^v)ac4'cb " i^ac{^v)cb 
SvXij,ab = 'i{Qv)acXij,cb — iXij,ac{Qv)cb 

-i{Qv)kiXkj,ab + iXik,ab{Qv)jk (2.19) 

The invariance of the expectation value 5y < Xij,ab >= is easily checked. 
With respect to the transposed color rotations the quarks behave as an- 
titriplets. In consequence, under the combined transformation they trans- 
form as an octet plus a singlet, with all quantum numbers identical to the 
baryon octet /singlet. This is most obvious if we also use a matrix notation 
for the fermions ip = ipai such that 6vip = i[Qv, '^]- In particular, the electric 
charges, as given by the generator Q = IA3 -|- ^^Ag of SU{3)v, are integer. 
We therefore identify the quark field with the lowest baryon octet and singlet 
- this is quark-baryon duality. Similarly, the gluons transform as an octet 
of vector-mesons, again with the standard charges for the p, K* and 00 /(p 
mesons. We therefore describe these vector mesons by the gluon field - this 
is gluon-meson duality. 

Due to the Higgs mechanism all gluons acquire a mass. For equal quark 
masses conserved SU{3)v symmetry implies that all masses are equal. They 
should be identified with the average mass of the vector meson multiplet 
M2 = |]vf2,^ + = (850 MeV)2. One finds 

Mp = gxo = 850 MeV (2.20) 

The breaking of chiral symmetry by ctq and xo also induces masses for the 
baryon octet and singlet. For Xo 7^ the singlet mass is larger than the octet 
mass (see below). 

We note that gluon-meson duality is a necessary consequence of the Higgs 
picture of QCD. It persists if additional vector-meson fields are introduced as 
color singlet quark-antiquark composite fields. There will simply be a mixing 
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between the "gluons" and the "composite vector fields" (see sect. 8). On the 
other hand, quark baryon duahty strongly depends on the proper assignment 
of the baryon number. We will discuss this issue in detail in sect. 6. 



3 Integer electric charges 

In order to get familiar with the Higgs picture of QCD, it seems useful to 
understand in more detail the consequences of spontaneous color symmetry 
breaking for the electromagnetic interactions of hadrons. We start by adding 
to the effective Lagrangian ( |2.6| ) a coupling to a f/(l)-gauge field 5^ by 
making derivatives covariant 

Df.'jij = df.'jij - ie[Q,'jij]B^- ... (3.1) 

with = ^X3 + ^^-^8 = diag{^, — |, — |) acting on the fiavor indices. Fur- 
thermore we supplement the Maxwell term 

= -^B^^B^iy , B^u = d^Bu — duBfj, (3.2) 

Whereas the quarks carry fractional Q, the abelian charges of the scalars are 
integer. In particular, the expectation value < > is neutral, [Q, < (j) >] = 0, 
whereas some components of < Xij,ab > carry charge, namely for k = 2,3 

[Q, < xik,ik >] = < xik,ik > 

[Q, < Xki,ki >] = - < Xki,ki > (3.3) 



The expectation value ( p. 18 ) therefore also breaks the local U{1) symmetry 
associated with Q. The abelian color charge {Qc)ij = \{.Xz)ij + ^^(-^8)4^ of 
these fields is, however, equal to Q. In consequence, a local abelian symmetry 
with generator Q — Qc remains unbroken 

Qac < Xij,cb > — < Xij,ac > Qcb — {Qc)il < Xlj.ab > + < Xil,ab > {Qc)lj = 

(3.4) 

The corresponding gauge field corresponds to the photon. 

The situation encountered here is completely analogous to the Higgs 
mechanism in electroweak symmetry breaking. The mixing between the hy- 
percharge boson and the boson in the electroweak theory appears here 
as a mixing between B^ and a particular gluon field which corresponds 
to Aij^^ = ^{Qc)ijG^. Let us restrict the discussion to the gauge bosons 
B^ and G^. Then the covariant derivative for fields with a fixed value of Q 
and Qc is given by 

D^ = d^- ieBf,Q - igG^Qc (3.5) 
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with g = ^g. Due to the "charged" expectation values ( p.3|) a hnear com- 
bination of Bfj^ and gets massive, as can be seen from the quadratic 
Lagrangian 

= \b^'B,, + ^-G^^G,, + IxlCgG^ + eB^igG, + ~eB,) (3.6) 

The massive neutral vector meson and the massless photon 5^ are related 
to G^ and B^ by a mixing angle 

= cos 6emGf, + sin 6emBf, 

Bfj, = cos 9emB^ — sin 9emG^ 
tgOem = I (3.7) 

and we note that the mass of the neutral vector meson is somewhat enhanced 
by the mixing 

Mvo = gxo/ cos (3.8) 

The mixing is, however, tiny for the large value = 5'^/47r ^ 3 that we will 
find below. In terms of the mass eigenstates the covariant derivative ( |3.5| ) 
reads now 

Df, = d^- ieQB^ - ig cos OemiQc + tg^OemQ)Rfi (3.9) 

and we observe the universal electromagnetic coupling 

e = e cos 6'em (3.10) 

of all particles with electric charge Q = Q — Qc- This coupling is exactly 
the same for the colored quarks and the colorless leptons as it should be for 
the neutrality of atoms. For an illustration we show the charges Qc, Q and 
Q for the nine light quarks in table 1. 

We note the difference between the coupling e which would be computed 
in a grand unified theory and the true electromagnetic coupling e. They are 
related by 

114 

For g = Q the relative correction is only of the order of 10"^. 



4 Nonlinear meson interactions 

The interactions of the light mesons are most easily described in an equiv- 
alent gauge-invariant picture, using nonlinear fields^. For the "Goldstone 

^On the level of the effective action the quantum fluctuations are already included. 
Therefore Jacobians for nonlinear field transformations play no role. All "coordinate 
choices" in the space of fields are equivalent. 
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Table 1: Abelian charges of quarks and association with baryons. The baryon 
singlet is denoted by S^. 

directions" we introduce unitary matrices Wli Wr,v and define 

V'L = Z-^'''WlNlv , i^R = Z~^^''WrNrv, 
= Z^'/'v^lWI , i,R = Z-'^'v'^NrW}, 

= -v^V^v* - '-d^v* , U = WrWI 

= WrSWI , Xij,ab = {WR)acVjkXkl,cdV!j{WlU (4-1) 

Here we have again extended the matrix notation to the color indices with the 
quark/baryon nonet represented by a complex 3x3 matrix ip = ip^i, ip = V^m- 
The decomposition of ^ is such that 5" is a hermitean matrix. The restrictions 
on X, which are necessary to avoid double counting, play no role in the 
present work. Besides v all nonlinear fields arc color singlets. The field 
transforms as a color anti-triplet similar to a quark-quark pair or diquark. 
In consequence, the baryons N ~ ipv^ transform as a color singlet. More 
precisely, the SU{3)c x SU{3)l x SU{3)r transformations of the nonlinear 
fields are given by 

5Wl = iOLWL - iWlQp , SWr = iORWR - iWrQp , 
5v = iOpv + ivQl , SU = iQrU - iU&L 

5Nl = ^[ep, Nl] , SNr = t[ep, Nr] , SV^ = t[Qp, V^] + ^d^Qp, 

SS — i[Qp,S], {SX)ij^ab = i{^p)acXij,cb — iXij^aciQp)cb 

—i{Q^)ikXkj,ab + iXik,ab{Q^)kj (4.2) 

We observe the appearance of a new local symmetry U{3)p = SU (3)p x 
U{l)p under which the nucleons N and the vector meson fields transform 



12 



as octets and singlets 

0P = ^(^pWA. + e^p{x)Xo > ^ = (4-3) 

This symmetry acts only on the nonlinear fields whereas ip,A^,(j) and x ^i^re 
invariant. It refiects the possibility of local reparametrizations of the non- 
linear fields. It will play the role of the hidden gauge symmetry underlying 
vector dominance. Furthermore, there is an additional local abelian symme- 
try U{1)n- (not shown in eq. (Of) 



y ^ e-'^^^)v , N ^ e*°(")iV , ^ V^, ~ ^d^a{x) (4.4) 

and a global symmetry (with charge denoted by By) 

il^^e'H , WL,R^e'"^WL,R (4.5) 

For the present investigation we omit the scalar excitations except for 
the "Goldstone directions" contained in Wl, Wr, v. We can therefore replace 
Xki,ab by the expectation value ( |2.18| ) and use < S >= ctq such that 

$ = dot/ , X^],ab = ■^Xo{{WRv)ai{v^Wl)jb " ^UabSij} (4.6) 

In terms of the nonlinear field coordinates the Lagrangian ( |2.6| ) reads 
C = Tr{^NYi^^ + ^v^-^^'a^)N - gNYNV^} 

+ hrr{V^^V,,} + g\l Tr {WV,} + (^z/'xo^o - i^al) cos 9 

+ {hao - ^Xo) Tr{Nj,N} + ^Tr Nj' Tr N 

+ (^o' + ^Xl) Tr {d^U^d.U} + ^xl d^e 8,9 

+Xl Tr{t)%} + 2gxl Tr{V^v,] (4.7) 



with 



'-{Wld^WL + Wl^d^WR) 



^ 2 

a, = '-{Wld.WL - Wid.WR) = -'-Wj,d,UWL, 
Tr V, = -^9^(lndet Wl + Indet Wr), 
Tr a, = -'-Tr U^d.U = -U,9, 

V,. = d,V, - d,V, - tg[V„ K] = d,K - - ig[V,, K], 

V, = V,-^-TrV,, v, = v,-^Tr (4.8) 
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As it should be, L does not depend on v and is therefore invariant under 
S'f/(3)(7 transformations. For a check of local t/(3)p invariance we note 



= i[Qp^ v^] - d^Qp , 6a^ = i[Qp, a^] (4.9) 

such that transforms the same as — (^V^j and + gV^ transforms homo- 
geneously. One observes that the mass term for appears in the U{3)p- 
invariant combination Xo Tr{{v'^ + gV^){Vfj_ + gV^)}. The nonlinear field U 
only appears in derivative terms except for the phase 6 associated to the 
r^'-meson. We associate U in the standard way with the pseudoscalar octet 
of Goldstone bosons W 

U = exp{-'-e) exp (^^^^ = exp U (4.10) 

where the decay constant / will be specified below. 

/,From eq. ( |4.7|) one can directly read the average mass of the baryon 
octet and singletQ 

Ms = hao-^xo = 1.15 GeV , Mi = hao+^^Xo = 1-6(1.8) GeV (4.11) 

The singlet-octet mass splitting is proportional to the octet condensate Xo 

Mi-M8 = 4=^X0 = 450(650) MeV (4.12) 
V6 



With eq. ( p^.20| ) this determines the ratio 



- = 0.43(0.62) (4.13) 



Similarly, one finds 



hao = -(SMg + Ml) = 1.2(1.22) GeV (4.14) 
9 



5 Local reparametrization symmetry 

Before extracting the couplings between the physical mesons and the baryons 
we have to understand the role of the local reparametrization transforma- 
tions U{3)p = SU{3)p X U{l)p. First of all, we note that Tr can be 
eliminated by f/(l)p-gauge transformations and is therefore a pure gauge 
degree of freedom. Similarly, Tr = —^9^ In det v is the gauge degree of 

-"^"The lowest state with the appropriate quantum numbers for the singlet is A(1600). 
Since we expect a very broad decay width of the singlet this assignment is very uncertain 
and we add in brackets a somewhat higher value. 
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freedom corresponding to U{1)n transformations. This explains why Tr 
and Tr only appear in the term bilinear in the nucleon fields. The vector 
fields are the gauge bosons of SU{?>)p. The nucleons transform as an 
octet and a singlet under S'[/(3)p and the same holds for the bilinear a^. 
The fields contained in Wl, Wr are antitriplets and f/ is a singlet. 

In a gauge-fixed version the vacuum corresponds to Wl = Wr = v = 
1. The remaining global symmetry^^ SU{3)y is a linear combination of 
SU{3)l, SU{3)r, SU{3)c and SU{3)p given by transformations obeying 

6^ = 6^ = 6^ = -i&cf = &v = &p (5.1) 

With respect to SU{3)y the nonlinear fields and bilinears Wl, Wr,v, 
U,N,V„ 

a^,v^ transform all as octets or singlets. On the level of the nonlinear fields 
the global SU{3)y symmetry plays the same role as SU{3)v for the linear 
fields. One may identify SU{3)v and SU{3)y by specifying the SU{3)v- 
transformations of the nonlinear fields by the choice Gp = Qy 

For a discussion of the mesons we have to eliminate the redundance of the 
local [/(3)p-transformations. We first argue that the appropriate choice of a 
gauge fixing requires some care. As an example, one may explore the possible 
gauge fixing Wr = v = 1. Then U = Wl = -a^ = -{Ud^U^ = ^d^UW 
would yield 

l,Tr{d^U^d^U} + ^d'^e d^e + Tr{5%} = ^Tr{d^U^d^U} (5.2) 
oo LZ y 

2Tr{\/%} = -iTr{Udf,U^V^} (5.3) 

This is the language usecQ in ref [|l|. If one would associate the physical pions 
with n^, one would obtain for the decay constant / = 2^aQ + 4xo/9. We 
note, however, that in this language the vector bilinear has a contribution 
linear in the pion fields, = —{l/2f)Xzd^W + d^9/Q + .... The term (|5^ ) 
leads therefore to a field mixing in quadratic oder ~ d^Tl^V^. We conclude 
that the propagators for 11^ and are not in standard diagonal form in 
this gauge. The corresponding fields can therefore not be associated with 
physical particles in this language. This point was overlooked in ref. 
On the other hand, the gauge choice 

Wl = WR = i , v=l (5.4) 

implies 

u = e . v, = -'-{s}d,i+id,e). 

^^The abelian part of the symmetry will be discussed in detail in sect. 6. 
^^The field in ref. corresponds to —Vj in the present notation. 
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Trv^ = , TrV^ = 
{.D^X)ij,ab = ^Xo- (5.5) 

This gauge is singled out by the fact that contains no term hnear in 11^ 
or 6* 

v, = v, = -^[n,9,n] = --i^[A„ A,]n^9,ff + ... (5.6) 

where we have chosen the parametrization 

e = eexp(-^e) , detl=l 

i = exp (^n^A,^ = exp (^jU^ (5.7) 

As for any gauge where contains no term hnear in 11 or 6, the term 
~ Trv^V^ contains only interactions and does not affect the propagators. 
We can therefore associate 11^ with the physical pions. Also the term Trv^v^j, 
involves at least four meson fields and is irrelevant for the propagator of the 
pseudoscalar mesons. 

The bilinear reads in the gauge (|5.4|) 

= ^A,9^ff - + 0{li\ ..) (5.8) 



The effective action ( |4.?| ) contains therefore a cubic coupling between two 
baryons and a pion. As it should be for pseudo-Goldstone bosons, this is a 
derivative coupling. Actually, the advantage of the gauge ( |5.4|) can also be 
understood from the point of view of the discrete symmetries P and C . A 
simple realisation of the discrete transformations on the level of nonlinear 
fields is|3 

P , -Nr, Nr ^ Nl, 

Wl Wr, Wr^Wl, v->v, U->U^ , ^^^^ 
Vfi Vfi, CLfi -a^' ^ 

C : Nl^ cNl, Nr -ciVj, 

-T 



Wl ^ W*R, Wr^WI v^v\U -^U' , ^ 



^■^Note that in our matrix notation C acts as ip^ ^ cfiii 'i'R ~^ 
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The gauge condition ( |5.4|) can also be written as WlWr = WrWl = 1 
and is manifestly invariant under P and C . The coupling TiN'y'^'y^a^N 
is a standard coupling of baryons to the axial vector current. In contrast, 
the gauge Wr = 1 is not compatible with the transformation { f).9\) . (For 
this gauge there exists an alternative realization of P and C on the level of 
nonlinear fields. Under these modified P and C transformations and 
do not transform, however, as axial vectors and vectors, respectively. This 
can be seen from the identification = — in this gauge.) Having found an 
appropriate gauge fixing for the reparametrization symmetry, we may now 
directly proceed to the analysis of the physical content of the effective action 

(El- 

The kinetic term for the pseudoscalar mesons can be inferred from 

42 = {al + ^xl)Tr{d^U^d,U} + ^xld^ed,e 

= jM + ^Xo) d^Wd.Ii^ + \{al + \xl)d^ed,d (5.10) 

Its standard normalization fixes a combination of do and Xo in terms of the 
pseudoscalar decay constant / which corresponds to an average in the octet 
1^ / = + I/tt = 106 MeV. For an optimal quantitative estimate of the 



expectation values o"o,Xo the partial Higgs effect should be included. As we 
show in appendix A, the mixing between the pseudoscalars contained in f/ (~ 
iipil)) and those in the divergence of the axial- vector current (~ 9^(V^7'^7^V')) 
introduces an additional negative contribution (partial Higgs effects) 

a42 = -^Tr{9^f/t9,t/} - /\]d^ed,e (5.11) 



One infers a standard renormalization of the kinetic term for 

f = ^<yl + Ixl - A? = + Ix') (5.12) 



with 



= (1 - + ^Qxirv^' = (1 + fr^' < 1 (5.13) 

The deviation of Hf from one is one of the most important effects of effective 
interactions not included in eq. ( p.6| ). The effective interactions responsible 
for Aj also induce S'[/(3)-violating contributions to the pseudoscalar wave 
function renormalizations related to the strange quark massQ. This has led 



to a phenomenological estimate [15 



Aj ^ 0.45r, «:/ ~ 0.83 (5.14) 



^Hn the notation of rcf. (l5| one has p = -X^ct^Z^i. 



17 



The pseudoscalar decay constants provide now for a quantitative estimate of 
the expectation values ctq and Xo 



/o = 2^a2 + = f/Kj = i^fK + lu)/^f = 128 MeV (5.15) 

In the approximation ( p.6| ) of scalar Vervollstandigung one should use the 
leading order relation / = /o, keeping in mind that nonleading effects lower 
/ to its physical value. 

We may also use this relation for a first estimate of the effective gauge 
coupling g. Let us denote the relative size of the octet and singlet contribu- 
tions to the squared meson decay constant by 

The combination of the relations ( |2.2CI| ) and ( |5.15| ) yields a bound for the 
effective gauge coupling g. From 

one infers g > 5.9. If the octet condensate dominates (large x) the effective 
gauge coupling is (7 ~ 6. 

The last field which needs a proper normalization is the ?7'-meson. In- 
cluding the partial Higgs effect (|5.11|) , the kinetic term for the pseudoscalar 
singlet has the standard normalization for 

2A^) e 



V' = (3(^0 + 9X0) 

= ^i^'o + lxl)'^'^o0 (5.18) 



(In the leading approximation ([2Tq ) one should, of course, use kq = 1.) In- 
serting ( [5. 181 ) into ( [4.7[ ) and expanding cos 6' in second order in 6 one finds 
the mass of the r^'-meson 

..2 /3 2 1 / / 2 4 2X-1 -2 3/0 (7z/ - 8X1^') 

(5.19) 

Its interactions can be extracted by inserting 

In the gauge ( p.4| ) the nonlinear Lagrangian ( ^4.7| ) can now be written in 
terms of the normalized physical fields A^, V^, 11 and 77' as 

C = Cn + Cu + Cv (5.21) 
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with 



N 



(5.22) 



Here we use the octet and singlet fields 

iVi 



-^A^, A/'g = iV - -TiN = N - -^Ni , TrA/'s = 0, 
3 V3 ' ' ' ' 



5;. = - i Tr = ^A,9^ff + ©(H^) , Tr = 

du = Cili u,,U = a., 77 



(5.23) 



For the mesonic part one has 
with 



^ Tiid'^U^d^U} + \d^v'd^v' - M^Hl cos(r/7/7,, 



[/ = = exp 7- 



/ 



detU 



(5.24) 
(5.25) 



and 



-g Tr{Ar87^Ar8V;} - -^(Tr{iV8V;}7^iVi + N^^^i:i{%N^}) 

-Tr{iV87%Ar8} - l=(i:i{N^v^}^^Ni + N^r'^iiv^N^}) (5.26) 

In the effective action (|5.21| ) we have replaced the free parameters by Mg, Mi, 
Mp, M^', / and g. We note that the number of parameters is reduced to six 
since only one particular combination of v and v' appears in M^/. We recall 
that we know the order of magnitude of g by eq. ( |5.17|) , which relates also 
g to X. The proportionality constant Hr,' appearing in the couplings of t]' is 
then known by eq. (|5.20|) . The interactions between physical baryons and 
mesons can be extracted by inserting the explicit representations 



n = -ffA, 

2 



V2vr- , 



7r 



— TT 



I 1 



x/2i?o 
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(5.27) 



It is obvious that the effective action ( p.21| ) predicts a muhitude of different 
interactions between the low mass hadrons. The electromagnetic interactions 
are incorporated by covariant derivatives. We will discuss a few of these 
interactions in sects. 7-9 in order to check the validity of the hypothesis of 
scalar Vervollstandigung. 

Finally, the addition of the explicit chiral symmetry breaking by the cur- 
rent quark masses (|2.9|) 



1 „_ 



^Z-^^'\,aoTi{m{U + U^)} 



(5.28) 



leads to mass terms for the pseudoscalars [|T6| and contributes to their inter- 
actions. 



6 Baryon number 

The correct assignment of the baryon number B is the central question for 
quark-baryon duality. Quarks carry B = 1/3, whereas baryons have B = 1. 
How can this be reconciled with a dual picture where one field describes 
quarks as well as baryons in the appropriate momentum ranges? In princi- 
ple, gluon-meson duality (or the Higgs picture of QCD) is consistent with 
two alternatives. In the first scenario the nonlinear fermion fields could 
transform as octets with integer charge and 5 = 1/3. In this case separate 
baryon fields would be needed, with all quantum numbers identical to the 
quark fields except for the baryon number. As in the nonrelativistic quark 
model or the parton model a baryon field may then be thought of as the 
composite of three quark fields. An important puzzle would remain, how- 
ever, in this scenario: Why should the color singlet integer charged fermion 
octet field A^ not be associated to physical particles? We will argue here 
in favor of the second alternative, namely that the nonlinear field A^ indeed 
carries B = 1 (and not B = 1/3). It can therefore be associated directly 
with the baryons. Possible relations of this picture of quark-baryon duality 
with the nonrelativistic quark model will be discussed in this section and 
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sect. 11. The crucial ingredient for the viability of this second scenario are 
the nontrivial transformation properties of the various nonlinear fields. 

The determination of the baryon number of the nonlinear fields needs 
some care. To get familiar with the problem, we first discuss the analogous 
problem for the electric charge. The equivalence between the nonlinear lan- 
guage and the Higgs picture discussed in sect. 3 requires the nonlinear fields 
in V to carry electric charge. Indeed, the transformation laws 

= , ^emB^ = ^df,(3 , SemWL,R = i(3[Q, Wl,r] , Se^V = i^Qv 

(6.1) 

guarantee that the quarks carry fractional electric charge Q = diag{^, — |, — |) 
and the gluons are neutral, whereas the pions in ^, the baryons and the vector 
mesons are integer charged 

SeU = ^P[Q, e] , SemN = z/3[Q, N] , 6emV^ = t(3[Q, V^] + ^d^(3Q (6.2) 



Despite the fact that v does not appear in the effective action (^l.lOj) , its 



nontrivial electric charge plays a crucial role in the transition from the linear 
quark-gluon to the nonlinear baryon-meson description. 

The situation is similar for the baryon number, which we denote by B 
on the quark level. Blip) = 1/3. The field transforms as a color anti- 
triplet. By triality it should therefore carry baryon number B = 2/3. The 
baryon number, electric charge and color transformations of f ^ coincide all 
with the ones for a diquark field. As a simple consequence, the baryons 
carry i? = 1 as it should be, consistent with triality. (Triality requires that 
the SU{3)c representations in the classes (1, 8, ...), (3, 6, ...), (3, 6, ...) carry 
S = 0, |, I mod 1.) We note that x is bilinear in v and and therefore carries 
i? = as appropriate for a quark- ant iquark composite. Besides the above 
consistency considerations a direct determination of the baryon number for 
V becomes easy if some scalar fields are linear in v. In sect. 11 we will see 
how the association of i;^ with a nonlinear diquark field arises naturally in a 
language where linear diquark fields are introduced. 

Let us next give the equivalent description of baryon number in the Higgs 
picture. In a language with gauge-fixed reparametrization invariance the 
condition v = 1 preserves a combination of f/(l)p and baryon number trans- 
formation, 2Bp{v) + B{v) = 0. Furthermore, Wl and Wr are neutral with 
respect to the abelian charge Bp + By (cf. eq. (|4.4D. After spontaneous 
symmetry breaking the unbroken baryon number-type charge is therefore 

B = B + 2Bp + 2Bv (6.3) 

Both ip and A^ have the same charge B = 1. The Higgs picture implies 
that the "physical baryon number" B after spontaneous symmetry breaking 
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is three times|^ the quark baryon number B. In table 2 we have listed 
the various abelian charges for the linear and nonlinear fields, including the 
charge (cf. eq. (^^ )). We note the linear relation B = Bp + By + B^. 



N 

u,s,x 



Table 2: Abe 



B Bp B ~\- 2Bp By B B 



3 
2 

3 

1 













1 

3 










1 

3 





1 

3 





1 



1 







5Af 





1 
1 







ian charges of linear and nonlinear fields 



In conclusion, the equivalence between the Higgs picture and the non- 
linear language with preserved local symmetries shows many similarities be- 
tween baryon number and electric charge. One difference remains, however, 
in the Higgs picture. Whereas some "linear" scalar expectation values x 
carry nonzero electric charge Q (cf. eq. ( p.3|) they have all i? = 0. The 
"spontaneous breaking" of B occurs only on the level of the nonlinear fields 
V and Wl,r by the gauge fixing v = 1, Wl = Wp. 

Let us next turn to the normalization of the fermion fields ip and 
and the associated relative wave function renormalization Z^. In principle, 
we may normalize the fields according to some conserved charge or to some 
standard convention for the kinetic term. For the quark field i/j we choose a 
normalization such that the quark number operator A^^ has a standard form 



(6.4) 



More precisely, the normalization specifies the way how a baryon-chemical 
potential //^ is introduced for situations with nonvanishing baryon density. 
Since quarks carry 5 = 1/3, we take 



= -fiB Tr V^7V 



(6.5) 



On the other hand, we have normalized the field A^ such that its kinetic 
term has a standard formQ (i.e. = 1). Since the baryons are "physical 

^^Note that the normaUzation of B is fixed by the requirement that a hypothetical 
particle carrying baryon number without strong interactions (and therefore By = Bp = 0) 
should have B = B. 

^^This should hold at least in the vicinity of on-shell momenta. 
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fields" , we assume that this also corresponds to a standard normalization of 
the baryon number operator 

NB = -iJ (fx Tr N-i^N (6.6) 



such that 



= i^iB Tr N-f^N (6.7) 



The consistency of eqs. ( |6.5| ) and ( |6.7D with the definition of the nonlinear 
field ( [4.1| ) requires 

Z^ = \ (6.8) 

This reflects in our language the fact that baryons carry three times the 
baryon number of quarks. We emphasize that the choice = 1/3 is not a 
pure convention but rather a necessity if ip and N are normalized according 
to (|63|), (|6.7|). Quark-baryon duality has then the interesting consequence 
of a nontrivial wave function renormalization in the "quark number nor- 
malization" , since the kinetic terms for ip and N are directly related. 

The wave function renormalization Z^ is related to the full quantum the- 
ory in the low momentum limit, Z^ = Z^{k — >■ 0) = 1/3. In contrast, we 
expect that for large k a perturbative picture is valid, with Z^(A; ^ 2 GeV) 
^ 1. This leads to a simple speculation how quark-baryon duality can be 
reconciled with the linear quark-meson model [17|, [1^], the nonrelativis- 



tic quark model and the parton model. The quark model descriptions are 
valid in the range of large enough k (or large momenta) where Z^{k) 1. 
We speculate that around some scale ks the wave function renormalization 
Z^{k) drops rapidly to its nonperturbative value Z.^{k — ^ 0) = 1/3. This 
rapid drop is related to the binding of three quarks to a baryon in the non- 
relativistic quark model. We therefore associate ks to a characteristic scale 
where this binding takes place. The fact that Z^ drops precisely to the 
value 1/3 reflects the fact that three quarks are needed for a baryon in the 
nonrelativistic quark model. 

We may further speculate that the "binding effect" essentially only af- 
fects the quark wave function renormalization Z^ and other wave function 
renormalizations related to it by Ward identities. This has the interesting 
consequence that the drop in Z^ ai ks results in a corresponding increase of 
those renormalized couplings which involve negative powers of Z^. As an ex- 
ample, one may take the Yukawa couplings h, h in the effective action ( p.6| ). If 
the "unrenormalized couplings" Z^h and Z^h do not undergo a major change 
near ks the Yukawa couplings will increase rapidly by a factor three around 
this scale. Neglecting the running of Z^h one obtains h{k ~ ks) = \h{k = 0) 
and similar for h. If also the expectation values ao{k) and Xo{k) do not vary 
much in this range, the effective fermion masses for k ^ ks are one third the 
baryon masses. This is characteristic for models with consituent quarks. A 
particular version of such models, the linear quark meson model, has given a 
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rather satisfactory description of chiral symmetry breaking for two flavors of 
light quarks|T^. The relevant range for its dynamics is 700 MeV > k > ks, 
and one may wonder how it is related precisely to our scenario for A; = 0. 
On the other hand, it has been pointed out |T^ that fluctuations with 



momenta in the range < k < ks play an important role for the chiral 
properties at large baryon density. The transition from effective nucleon 
degrees of freedom to quark degrees of freedom is directly linked to the phase 
transition from a hadron gas to nuclear matter at vanishing or low tempe- 
rature. A change of by a factor of three would precisely account for the 
enhancement of the contribution from baryon fluctuations as compared to 
quark fluctuations to the dependence of the effective potential on the baryon 
chemical potential [|18 . 



Another interesting quantity is the running renormalized gauge coupling 
g{k). If we push perturbation theory to its limit we obtain 



g{850 MeV) = A/47ra,(850 MeV) = 2.26 (6.9) 



where the numerical value corresponds to the two-loop value in the MS- 
scheme]^. Neglecting the running of Z^g for scales below the mass of the 
vector mesons and accounting for a drop of Z^ by a factor of three at ks, 
this yields the "perturbative estimates" 

^(P*) = 6.8 , xo"^ = 125 MeV 

x^P*) =3.1 , ai"'^ = 31 MeV (6.10) 

With such an estimate the free parameters of our simple model would be 
fixed in terms of / and Mp. 

In order to test the consistency of these ideas, it is instructive to couple 
a hypothetical massless "baryophoton" to the quarks and baryons. This 
would be needed if the abelian symmetry corresponding to baryon number 
is gauged^. According to the "quark number" normalization ( |6.4|) , the cou- 
pling of the hypothetical "baryophoton" is 

= Tr tfj^^Cp (6.11) 

with cb some arbitrarily small gauge coupling which may depend on k. With 
Z^ = 1/3 for k = this corresponds to a covariant derivative 9^ — iesC^ for 



the quark field ip. Inserting the relation ( |4.1| ) between ip and N, the coupling 
( |6.11|) becomes 

/:(^) = ^eB Tr N^NC^ (6.12) 

^^We use Aqcd= 250 MeV. The variation of g in this momentum region is stiU moderate, 
with 5(lGeV) = 2.12, g(700 MeV) = 2.48. 

""^^In absence of weak interactions baryon number is free of anomahes and permits there- 
fore a consistent local gauge symmetry. 
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For 3Z^ = 1 this is indeed the expected couphng of the "baryophoton" to a 
baryon (cf. eq. (|6.6|)). 

In conclusion, quark-baryon duahty may well be compatible with a picture 
where baryons are composed of three quarks. At least we have found no 
obvious contradiction. The quantum numbers match. A crucial ingredient 
for dynamical considerations seems to be the value = 1/3 for k 
and ~ 1 for k ks- A more detailed dynamical understanding why 
and how the binding of three quarks to a baryon in the nonrelativistic quark 
model is related to the drop of by a factor 1/3 in the language of quark- 
baryon duality would be of great value. For the present paper we take this as 
a working hypothesis and explore phenomenological consequences of quark- 
baryon duality. A discussion of linear diquark fields in sect. 11 will shed a 
little more light on this issue. 

7 Electromagnetic interactions 

As a first probe of our picture we may use the electromagnetic interactions 
of mesons and baryons. The electromagnetic interactions of the mesons are 
all contained in the covariant kinetic term for the scalars 

+t Tr{(D^uyD,u} + ^xl d^ed.e (7.1) 

Here D^U = d^U — ieB^^lQ, U] and the covariant vector current reads (with 
D,^ = d,^-teB^[Q,^]) 

= -\{wId,Wl + wI,d,Wr) 

= v^-^B.i^Q^ + ^Q^^ -2Q) (7.2) 

Observing that both and gV^ — eB^Q transform homogeneously with 
respect to the electromagnetic gauge transformations 

SemVf, = ip[Q, v^Ji, 5em{9% " eB^Q) = ip[Q, {gV^ - eB^Q)] (7.3) 

the gauge invariance of ( [7.1| ) can be easily checked. The particular com- 
bination of vector currents in ( |7. 1|) is dictated by the combination of elec- 
tromagnetic gauge invariance and local reparametrization symmetry. Only 
this combination transforms homogeneously with respect to both U{3)p lo- 
cal reparametrizations and electromagnetic U{1) gauge transformations. In 
particular, one has 

S{v^, - eB^Q) = i[Qp, {v^ - eB^Q)] + ieB^[Q, {v^ - eB^Q)] - d^Qp - d^PQ 

(7.4) 
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The interactions (|7. 1| ) coincide with those of a "hidden local chiral sym- 
metry" if one replaces by f^. The difference between our result and the 



"hidden symmetry" approach is due to the different electromagnetic trans- 
formation properties, cf. eqs. (|6.1|), (|6.2|). If one restricts the discussion 
to p-mesons and pions, = ^py^r, 11 = ^ttt, and neglects the difference 
between e and e, one finds for the term involving the vector mesons and 
currents 

^vv = afl Tr({)^ + ]^gppvt,r- ]^eI3^T^f 



afl Tr 



e 



B/^insiTTT) - (7f7f)r3) 



2 



+ ... (7.5) 



For the second equality in eq. (|7.5|) we have only retained terms quadratic in 
TT in an expansion of -0^ and we have replaced / by The first expression 
in eq. ( [7. 5|) is actually more general than the result of the particular effective 
action ( |2.6| ) for which one has 

9p = 9 

In consequence of the symmetries, additional interactions will change the val- 
ues of a a and gp without affecting the structure of the invariant. Such addi- 
tional interactions will also generate new invariants involving higher deriva- 
tives. We give an example in appendix A. 

The contributions in eq ( [7.5[ ) with canonical dimension < 4 can be written 
in the form 



with 



+9pnn^i^ X dpfr) + g^^lBf'iTi X dpn)3 
+gp^nnB^[{7r7i)p'^^ - (p^7f)7r3] 

-^ae'BpB^[{nn-nl] + ... (7.7) 



Mp = aglfl , gp^ = agpfl , gp^^ = ^agip. 



2 

1 



m. 



«e , = --ae , gp^^^ = -aegp (7 



We recover the very successful KSFR relation |2^ , [|19| 



9p^ = '^L9pn7T (7.9) 
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which relates the decay p — > 27r (with gpT^^, ^ 6, see next section) to the 
eletromagnetic properties of the p-meson, in particular the decay po ^ e+e~ 
(with r(po ^ e+e") = 6.62 keV and Qp^ = 0.12 GeV^). 
The relation 

M'p = -/p^Jl (7.10) 

requires a = 2.1, implying 

Xo = 135 MeV (7.11) 

One may use eq. (|7.6| ) for an estimate of the relative octet contribution to 
the pion decay constant and eq. ( |2.20| ) or ( p.l9| ) for an estimate of g 



x = 7 , ao = 22 MeV , ^ = 6.3 (7.12) 

It is striking how close these values are to the "perturbative values" (|6.10|) . 
This should, however, not be taken too literally in view of possible sub- 
stantial S't/(3)v- violating effects from the nonzero strange quark mass. Also 
higher order operators may affect the relation ( |7.6| ). Furthermore, one should 
include the corrections from additional invariants (see appendix A). A phe- 
nomenological discussion including the properties of the axial-vector mesons 



2T[] favors a ^ 1.64. Relation ( |7.6|) implies then 

X = 2.16 , xo = 119 MeV , (Tq = 36 MeV , ^ = 7.1 (7.13) 



again close to the "perturbative values" ( |6.10| ). We point out that the mini 



mal effective action (p.6|) with = 1 and fn = f leads to a bound a < 9/7. 
We will discuss this issue and modifications of the relation ( [7.6| ) in the next 
section and appendix A. The additional invariants encountered in appendix 
A only affect the cubic and higher vertices, but not the mass terms. In 
particular, the relation 

9p, = 9X1 = ^ (7.14) 

will only be modified by SU (3)-violating effects. It can be used for an inde- 
pendent estimate of g, yielding 

9 = 6 (7.15) 



close to ( |7.12|) and the saturation of the bound implied by eq. ( |5.17|) . 



The electromagnetic 'jmr and 777171 vertices also receive contributions 
from 

^f^TTiD^-U^DpU} = ^d^nd.w (7.16) 

+e5^(7f X a^7f)3 + ^e^B^Bf'inn - tvI) + ... 



One sees that for a = 2 the two contributions ( |7.7| ) and ( |7.16| ) to the direct 



77r7r vertex cancel. The electromagnetic interactions of the pions are then 
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dominated by p-exchange (vector dominance), in agreement with observation. 
Otherwise stated, our model leads for the direct 7'7r7r-coupling to the realistic 
relation 

9.^^ = e (l - (7.17) 
The vertex ~ Qp-yK-w contributes^ to rare decays like po ^ 7r+7r^7, with 

We conclude that the electromagnetic interactions of the pseudoscalars as 
well as the vector mesons can be considered as a successful test of our simple 
model. The appearance of a local nonlinear reparametrization symmetry is a 
direct consequence of the "spontaneous breaking" of color. This symmetry, 
combined with the simple effective action ( p.6|) , has led to the KSFR relation 
( |7.9D and to vector dominance ( 17.17] ). At this stage the relations of the above 
discussion should be taken with a 20-30 percent uncertainty. In particular, 
the S'f/(3)-violation due to the nonzero strange quark mass needs to be dealt 
with more carefully. Nevertheless, the p — *• 27r decay and the electromagnetic 
decays are all consistent and have allowed us a first determination of the size 
of the octet condensate Xo? which we may take in the range between the 
estimates ( [ml) and ( [TTSD , i.e. 119 MeV < Xo < 135 MeV. The octet con- 



densate is larger than the singlet condensate and dominates the pseudoscalar 
decay constant /. 

Finally, the connection of the above discussion to the Higgs picture de- 
veloped in sect. 3 is easily established if one realizes that the field 



= -VSTr {QV^} = V^Tr {Q{vAy + -dpvv^)} 



is the nonlinear correspondence of in sect. 3. It transforms inhomoge- 
neously 

^emGp = -^dp(3 = -UpP (7.20) 



such that the linear combinations ( p.7|) i?^ = cos -|- sinOemBp, B^, = 
cos OemBp — sin OemGp havc the transformation properties of a heavy neutral 
boson and a photon 

5e^Bp = ^dpP , SemRf. = (7.21) 

Inserting in Cy ( |5.26| ) = —^Gp_Q,Vp = and adding terms from covari- 
ant derivatives ( |3.1| ) involving (cf. ([7.5|)), we recover C^J^ ( |3.6| ) with 
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This vertex is absent in ref. [|9| 
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replaced by G^. The (extended) electromagnetic interactions of the baryon 
octetQ read 



One finds the standard coupling between the photon i?^ and the baryons 
according to their charge. More generally, we conclude from 



that the charged leptons have a small direct coupling to a linear combination 
of the p^jUj and vector mesons corresponding to the term e tgOemRfj. in 
eBf^. Similarly, the photon has a hadronic coupling from the term —eB^ in 
gG^. These mixing effects are governed by the coupling g^p ([7^ ). 

8 Vector mesons 

The vector mesons acquire a mass through the Higgs mechanism. They are 
also unstable due to the decay into two pseudoscalar mesons. Their interac- 
tions are contained in Cy (|5.26|) . In particular, the cubic vertex between one 
vector meson and two pseudoscalars is 



+^cos^emi?M Tr {iV87^(iV8Q + tg^eemQN^)} (7.22) 



eS^ = e{B^ + tgOemRf,) 
gGp = g cos OemRf, - eB^ 



(7.23) 



TTTT 



2gxl Tr{V%} = 
-2tgp^^ Tr{[U,d,Il]V''} 




Ti{[U,d,U]V^'} 



(8.1) 



with 




9X1 _ Ml 



(8.2) 




(8.3) 




(8.4) 



'We omit here terms involving the baryon singlet A^i and take 11 = 0. 
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It is straightforward to compute the decay rate p — 27r as 

Tip tttt) = ^^^^ ^ 150 MeV (8.5) 

^'^ ' 487r Ml ^ ' 

and one infers the phenomenological value gpT^-,^ ~ 6.0. The discrepancy with 
eq. ( p.3|) reflects the difference between the realistic value a ~ 2 and a value 
of a which results from (|7.6|) for = 1, Jt, = f . The estimate ( ^.3|) receives, 



however, important corrections. Omitted S'f/(3)y-violating effects from the 
strange quark mass result in corrections ~ 30 %. Furthermore, since eq. (|7.6| ) 
is no symmetry relation, it is subject to modifications from the inclusion of 
additional fields. (We have already included in eq. ( [7.6|) the presumably 
most important modification in the form of < 1.) 

The effective coupling between p-mesons and baryons ( p.26| ) obeys 

= -| Tr {iVsT'^iVsrjpy^ (8.6) 

where we omit from now on electromagnetic effects. This implies that the 
effective action (^.61) does not contain a direct coupling of the p-mesons to 



protons and neutrons. The p-mesons only couple to strange baryons. In 
the approximation of the effective action ( p.6[) possible contributions to the 
nucleon-nucleon interactions in the isospin triplet vector channel could only 
arise through two-pion interactions ~ Tr {N^^^v^J^^. For the computa- 
tion of the effective nucleon-nucleon interactions one should solve the field 
equations for 11 and as functionals of the baryon fields iVg in bilinear 
order ~ NgNg- The solution has to be reinserted into the effective action. 
As a result of this procedure one finds nucleon-nucleon interactions in the 
pseudoscalar channel and in the isospin-singlet vector channel mediated by 
the exchange of Vsfj, but not in the isospin-triplet vector channel. (The-a 
exchange term in the scalar channel is also contained in our model once the 
non-Goldstone scalar excitations in and x ^i^re included.) This absence of 
isospin-triplet vector channel nucleon-nucleon interactions seems not to be 



consistent with observation 22 



In summary, three shortcomings indicate that the effective action (|2.6| ) 
gives only an insufficient picture of the hadronic interactions in the vector 
channel: (i) the absence of a physical S'[/(3)-singlet vector state (the ninth 
vector meson), (ii) the inaccurate estimate of the parameter a in eq. ( |7.6| ) for 
Kf = 1, (iii) the absence of nucleon-nucleon interactions in the isospin-triplet 
vector channel. In addition, no axial- vector mesons are present. These short- 
comings can be overcome once we include the effective four-quark interactions 
in the color singlet vector and axial-vector channel. The successful relations 
]9|), ( [7.17| ) and ( |7.18| ) can be maintained, whereas the parameter a and 



the relation between Mp, gp^^^^ and fj^ will be modified. Mixing effects with 
the divergence of the axial vector induce the correction ( p.llj ) and therefore 

Kf < 1. 
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The effects from vector and axial-vector four-quark interactions are dis- 
cussed in detail in appendix A. Besides the "partial Higgs effect" ( p.ll| ) they 
account for the missing nucleon-nucleon interactions in the isospin triplet 
channel. They also contain the missing ninth vector meson, i.e. the SU (3)c- 
singlet state, as well as the axial- vector mesons. Unfortunately, the additional 
effective interactions are parametrized by new unknown couplings. We will 
retain here only the "partial Higgs effect" , the singlet vector meson S'^ with 
mass fiy and the effective vector channel four-quark interaction. We omit 
the physics of axial-vector mesons. The relevant interactions discussed in 



appendix A lead then to an addition to the effective action ( p.6|) of the form 

= ^S^''S,, + ^S'^S^ + ^d,ggS''TrN^^N (8.7) 



where the partial Higgs effects results in AC\!^l given by eq. ( |5.11| ) and 
the term ~ y^- with 

= -'-i^^D^^ - ^D^,^^) - ^Tra^. (8.8) 

The couplings Cpqq, yN and ry may be determined from phenomenology and 
we assume Hy ~ M^. There is actually no symmetry argument why fiy 
should equal = g^Xo- particular, fiy is not related to chiral and color 
symmetry breaking. We speculate that a partial fixed point in the renor- 
malization flow of the ratio fiy/ig^Xo) could lead to an understanding of the 
puzzle of the phenomenologically required approximate "ninefold degener- 
acy" of the light vector meson masses. 

All other effective interactions discussed in appendix A will be considered 
as subleading and neglected. Some of the couplings can be estimated from 
observations like the decay reates of axial-vector mesons into vector mesons 
and pseudoscalars. This may later be used for an estimate of the typical size 
of the neglected subleading terms. 



9 Interactions of pseudoscalar mesons 

The cubic interactions between the pseudoscalar and the baryon octets are 
usually parametrized by 

= F Tt{NsYi'K,Ns]} + D TiiNsYl'ia^Ns}} (9.1) 

Experimental values are F = 0.459 ± 0.008 and D = 0.798 ± 0.008. The 
effective action ( ^.61 ) leads to (cf. eq. ( [5. 22] )) F = D = 0.5. This can 
be considered as a good achievement since the reparametrization symmetry 
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does not restrict the coupling constants F and D. (This contrasts with the 
couphng of the vector current v^.) In our context the relation F = D = Q.b 
is directly connected to the origin of these couplings from the quark kinetic 
term and therefore to quark-baryon duality. The term ~ t/at from the partial 
Higgs effect (|8.71) provides for a correction F + D = l + j/^v and one infers 
?/7v ~ 0.26. Contributions to D — F ^ 0.34 have to be generated from other 
higher-order invariants, as, for example, a momentum-dependent Yukawa 
coupling involving -D^x- We note that D — F contributes to the r^-nucleon 
coupling but not to the interaction between protons, neutrons and pions. The 
latter can be written in a more conventional form with the nucleon doublet 
= (p? ^) and restricted to a 2 x 2 matrix (by omitting the last line 
and column) 

gA = F + D (9.2) 

The inclusion of weak interactions will replace the derivative in the definition 
(|5.5|) of by a covariant derivative involving a coupling to the H^-boson (see 
next section). The constant qa will therefore appear in the /3-decay rate of 
the neutron. 

For a discussion of the self-interactions of the pseudoscalar mesons we 
first expand eq. ( p.24| ) in powers of 11 = ^n^A^ 



C^""^ = ^Tr{d''exp{-jn)d,expijU)} (9.3) 
= Tr{d>'Ud^U} + Tr{d^'U'^d^U^ - -d'^Udf.U^} + ... 
Similarly, the current quark mass term ( ^.2^ ) contributes 

Mfp) = 2Z;'^'agaof-'m (9.4) 

This yields the low-momentum four-pion interactions. Further effective in- 
teractions arise from the exchange of vector mesons according to eq. ( 5.26|) . 



They are obtained by substituting for the vector mesons the solution of the 
field equation in presence of pseudoscalars 

V, = -^GlP>v, + ... (9.5) 

with the vector meson propagator G^P^ obeying 

G^P^'^[{M'^-dy: + d,d-] = S; (9.6) 
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One obtains 

Ly = xl Triv'^iS; - M'^G^l! ^)v^} + ... (9.7) 

and we note that the term Xo Trj-u^-u^} in the expression ( |5.26| ) is cancelled by 
the lowest order of a derivative expansion of G^^^ . It should be remarked that 
Ty{v'^v^} is invariant under the chiral transformations. It involves only two 
derivatives and cannot be reduced to the term TT{d^Wdfj,U} which appears 
in chiral perturbation theory. It is, however, not consistent with the local 
reparametrization symmetry. 

The next order in a derivative expansion of eq. ( |9.7|) reads 

£v = ;T^TrK%4 + ... (9.8) 

where 

Vf,u = df,Vy - duV^ + i[v^, Vy] (9.9) 



has been completed to a covariant "field strength" such that ( |9.8| ) is invariant 
under the local reparametrization symmetry. With 



V,,, = -'-i\d^Ud,U^ - d,Ud^U^)i (9.10) 



one obtains 



- ^ ;[6TT{d^U^d^'UdM^d''U}-{TT{d^,U^d^'U}f 



-2Tr{9^f/t9^f/} Ti{d^'U^d''U}] (9.11) 

One can infer the contribution of Cy to the parameters Li appearing in next 
to leading order in chiral perturbation theory p3[ 



L?'^ = ^ , 4"^^ = ^ , 4"^^ = -^ (9-12) 



We observe that with the hypothesis of scalar VervoUstandigung (p.6| ) the 
constants depend only on the effective gauge coupling g. For g = 6 the val- 
ues L^P = 0.87 ■ 10-^ L^P = 1.74 ■ lO'^, = -5.2 ■ lO'^ compare well 
with the values |2^ extracted from observation Li = (0.7 ±0.3) ■ 10"'^, L2 = 
(1.7 ± 0.7) ■ 10"^ L3 = -(4.4 ± 2.5) • 10"^ This is consistent with the 
hypothesis that these constants are dominated^ by vector-meson exchange 
[ p^ . The momentum dependence of the effective four-pion vertex extracted 
from eq. (|9.7|) describes the fact the vr — vr scattering at intermediate ener- 
gies is dominated by the p-resonance. We conclude that the hypothesis of 
scalar VervoUstandigung ( p.6|) gives a very satisfactory picture of the pion 
interactions. 



^""^ Further contributions arise from the exchange of scalars and have been estimated EE 



as if ^ = 0, if ^ = 1.3 • 10-3. 
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10 Weak interactions 



Kaons decay into two pions by weak interactions. It is an old puzzle how 
the strong enhancement of the A J =1/2 decays of as compared to the 
A/ = 3/2 decay of should be explained in QCD. The semileptonic weak 
decays of kaons and pions are directly related to the corresponding decay 
constants fx, fn- These characteristic properties of the weak decays are de- 
scribed by our model once the weak interactions are incorporated. New 
parameters specify the strength of effective vertices which are one-particle 
irreducible with respect to cutting a W^^-boson line. Following the philos- 
ophy underlying the effective action (|2.6| ) we only include "renormalizable" 
interactions with dimension < 4. These invariants only contribute to the 
A J = 1/2 decays. Comparison with the ii'^-decays determines the relevant 
parameter - ultimately it should be computed from QCD. The contribution 
of (one-particle reducible) VT-boson exchange diagrams to the A/ = 3/2 
processes is substantially smaller. The corresponding effective vertex for 
and X involves two more powers of these fields as compared to the leading 
invariant. Together with higher IPI-vertices it should be considered as sub- 
leading. Scalar VervoUstandigung leads to a qualitative understanding of the 
A I = 1/2 enhancement. 

a) Strangeness-violating local interactions 

The exchange of the heavy W and Z bosons in tree and loop diagrams 
produces multi-fermion interactions which may violate strangeness. On the 
momentum scale of interest here these interactions can be taken as local. 
After bosonisation, they result in two extensions of the effective action (p.6|) . 
All diagrams which decay into pieces by cutting a W or Z propagator can 
be represented by the couplings of a heavy boson to the fields present in 
the effective action ( p.6| ). Those are retricted by the weak gauge symmetry. 
Keeping only the lowest dimension terms, we implement these couplings by 
appropriate covariant derivatives. The semileptonic decays are completely 
described by them. On the other hand, the diagrams which are one-particle 
irreducible with respect to cutting a or Z-boson line cannot be represented 
in this way. They result in additional local interactions which have to obey 
the appropriate symmetries. 

First of all, the inclusion of weak interactions in our framework requires 
the effective action to be invariant under local SU{2)l x U{1)y symmetry. 
On the other hand, the global flavor symmetry SU{3)l x SU{3)r is reduced 
to SU{2)r X U{1)r. Here the global SU{2)ji transformations act between 
right-handed down and strange quarks (which carry identical hypercharge) 
and U{1)r consists of phase rotations of the right-handed quarks with gener- 
ator Q. In lowest order the strangeness-violating interactions obey, however, 
the larger SU{'i)R flavor symmetry. (The latter is broken by the couplings 
of the Z-boson and the photon.) Also C and P need not be conserved sepa- 
rately any more, whereas CP is an exact symmetry if effects from the third 
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generation quarks are neglected. Of course, local SU{2)l symmetry requires 
the charmed quark. In this section we use an effective action where the heavy 
charmed quark has been integrated out. 

Local SU{2) L X U{1)y gauge symmetry is easily implemented by replacing 
all derivatives in the effective action (p.6|) by appropriate covariant deriva- 
tives. Besides this we have to include the effects from additional local in- 
teractions which become possible due to the reduced flavor symmetry. They 
arise from effective short distance four-fermion interactions mediated by the 
exchange of or in loops (i.e. "penguin diagrams") and therefore are 
suppressed by inverse powers of the squared VT-boson mass M^. As an 
example, a new local mass term for reads for a vanishing Cabibbo angle 

= §^ Tr {0t0A8} (10.1) 

Here the weak gauge coupling gw and Mw are related to the Fermi constant 
by Gp = (yf^/(4v^M^). The value of the parameter p^wi^) can be computed 
for large k by translating ( |10.1|) into an effective four-quark interaction ac- 
cording to sect. 2 and comparing with the perturbatively computed value. 
For the present purpose we treat p,w = f^wik = 0) and similar constants 
as free parameters. The mass term ( |10.1| ) violates C and P and preserves 
CP. For a nonzero Cabibbo angle the field (p iu QlO.l ) has to be replaced 



by the "weak interaction eigenstate" 0, which is related to the basis of mass 
eigenstates by 




(j) = (j)Re = (f) ce -se (10.2) 
V Cg ) 

Here sg and cg are the sine and cosine of the Cabibbo angle. The mass term 



10.1) becomes 



Xw = RgXsRj={l-^)Xs + V3cgSgXe + ^slX:, (10.3) 

and we underline the strangeness- violating contribution ~ Xq. Inserting the 
nonlinear pseudoscalars ( [4.6| ) this term vanishes, however, and does not con- 
tribute to strangeness violation in the sector of the Goldstone bosons H. 

In leading order the terms involving two derivatives of or x are 
given by 

2 2 

J^, = ^|^[Tr {D^0tD,0AH.} + 5w{D>^x):,,atiD,xh,ac{>^wU] (10.4) 



w 



The effective action ( |10.4D involves two additional real parameters /x^ and 



6w- It is invariant under the local symmetry SU (3)c x SU{2) l x f/(l)y , global 
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SU{3)Fi flavor symmetry and CP, whereas it violates P,C and strangeness. 
In lowest order in M-^ and neglecting electromagnetic effects we may replace 
by d^(f) and use ( p.7|) for D^x- Furthermore, we will be interested only 
in strangeness-violating effects and replace \w by ^/3ceSgXQ. Concentrating 
on the pseudoscalar interactions we insert (|575|) and obtain 



J^,u = lAw9sf[Tr{d''U^d,UX,} + Ag^TT{d^ed,^XG} 

+jg^d^9 Tr {eO.^K}] (10.5) 



with 



= ^J^M^ = 3.98 -10-' 



2/2 1 + x 
^^^^ nn«^ 

replacing fi]y and 6w Adding the interactions with gluons leads to the 
replacements 

d^C^d,,^ iv^ + gV>' + a^)iv^ + gV^ + a^) (10.7) 

This makes the local reparametrization invariance of Cfj_u manifest. We show 
in appendix B that only derivative terms contribute to strangeness- violating 
interactions for the pseudoscalars. One infers that ( |10.4| ) is the only 



relevant bosonic term with dimension < 4. The invariant of dimension four 
for strangeness- violating fermionic interactions can be found in appendix B. 
This should dominate the hyperon decays. 

b) Vector-meson- W-boson mixing 

We also have to include the effects of local SU{2)l x f/(l)y symmetry 
in the derivative terms of eq. (|2.6| ). The photon coupling has already been 
discussed in sect. 3. The coupling of the weak gauge bosons VF^, to the 
quarks is implemented by inserting in the effective action ( p.6|) the appropri- 
ate covariant derivatives 

( 0^ , ceWt , sgW, 



ceW- , 0^ ' o'^ 1(10.8) 
V seW- , , 



Df^ = 
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We have omitted in the exphcit form of Dj^'^^ the couphngs of the Z-bosons 
since they do not contribute to strangeness- violating interactions {r^^y = t^). 
They can easily be inserted in the formalism below. The weak coupling to 
the quark bilinears 7,^ ~ V'ffiV'-Li follows correspondingly^ by replacing in 
eq. (pD 

D,i., D,y,, + Dfh,, - 7.,D(^) (10.9) 
Finally, we add the mass terms for the gauge boson^ 

Cw = M^W+^W- + ^M'^Z^Z, (10.10) 

Eliminating the fields VT^, by solving their field equations as functional 
ofip,(j) and X yields effective four Fermi interaction^ relevant for weak inter- 
actions at low momenta as well as weak mesonic interactions. Furthermore, 
spontaneous color symmetry breaking by the octet expectation value < x > 
( |2.18| ) leads to a mixing between W, Z-bosons and gluons similar to the pho- 
ton mixing discussed in sect. 3. The mixing angle is tiny due to the large 
masses Mw, Mz- It needs, however, to be included for strangeness- violating 
processes. 

In the language of the nonlinear meson fields the weak interactions add 
to the effective Lagrangian a term = Cwn + '^wm + '^wu + '^fiU 

LwN = ^^T {NLr^Dl^^^eNL + NRr^Dl^^^NR} (10.11) 

CwM = M^W+^W~ + ^MlZ^Z^ 

-z<7XoTr {(e^Df)e + e^fe^)^n 

-{al + -xl) Tr + (10.12) 

9 

+ (2ao^ + Ixl) Tr{f/tZ^(^)-t/4^)} + ^xl TrDf^ Tr Df^ 
Cwu = (2ao'-^Xo)Tr{f/t9^f/Z^(^) + f/9^f/tZ}f)} 



-^d^'f]' Tr - )} (10.13) 



3 Hfj 



with Cfj^u given above. These are the leading interactions for the strangeness- 
violating pseudoscalar meson decays. For other quantities like the — Kg- 
mass difference they have to be supplemented by interactions discussed in 
appendix C. 



^^Covariant derivatives have also to be used in the additional interactions (3/7), 
^■^The kinetic terms for the weak gauge bosons and the Higgs sector are not important 
here. 

^"^In the full standard model this also involves the leptons. 
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For a computation of the mixing between VF^,/?^ and K*^ we can put 
^ = 1 and neglect the terms ~ {Djf^'^^y in Cwm- Inserting 



Pm, o', I (10.14) 



\k;- 0, 

and combining with the vector-meson mass term one obtains the squared 



M 



2 



■,W-), Cm = 


b^Mlb) 


, 


Bce 


, Mi, 


, Bse 


Bcq , Bse , 




1 ...2 





5 = --gwgxi (10.15) 

In a good approximation the fields {p,K*,W) for the physical spin-one 
bosons, i.e. the mass eigenstates, obey 

= pp- spW^ , k; = K;- skW^, 

= W^ + SpP^ + skK; (10.16) 

with ^ ^ 

= o^w^^lS-ce , s/^ = -9w9^se (10.17) 

The mixing angles Sp, sk between p, K* and W are suppressed by B/M^ and 
therefore indeed tiny. The mass eigenvalues get only negligible corrections. 
Also the slight modification of the couplings of the physical VT-boson (the 
mass eigenstate with mass ~ Mw) is of no importance. There remains, how- 
ever, one relevant effect: The couplings of the physical and K*^ mesons 
acquire from the mixing a small strangeness-violating correction. Indeed, ex- 
pressed in terms of the "physical fields" one finds the contribution of charged 
spm-one bosons to Dj,^) (cf. eq. {^0^ 



^^'^ = -^|^[W^;+^^M++..i^r)][c,(Ai+a2)+.,(A4+a5)]+h.c. 

(10.18) 

Inserting this term in Cmn, one sees that the p meson couples not only to 
baryon-bilinears with zero strangeness but also has a small contribution of a 
coupling to pS. It therefore contributes to strangeness violating weak decays. 
Similarly, the exchange of p^ and K* induce additional strangeness violating 
interactions for the pseudoscalar mesons. We note that the mixing effects 
of the neutral weak boson do not lead to violations of quantum numbers 
and can therefore be neglected. In summary, in leading order in Gp the only 
relevant effect of the mixing between gluons and weak gauge bosons is the 
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expression ( p.0.18| ) for D^^\ From Cwm we need then only to retain the piece 

c) Leptonic meson decays 

Let us next turn to the leptonic decays of the pseudoscalar pions and 
kaons. The relevant vertex for the coupling of to the charged leptons / 
and neutrinos z// is given by 

■Ci = Y:-^{h>-ii + i>iW; + 9a>'(i + 'i''W*} (10.19) 

- i:^.r(i+7=)'{^^t';+0-|;(c..,t+^^./C))+ 

The semileptonic pion decay can therefore in principle proceed via interme- 
diate VF, p or K* exchange. In leading order in an expansion in G^t^, however, 
only the W exchange contributes. The relevant bilinear between 11 and W 
obtains from 

Cwn = \fd^W Tr{KDf^} (10.20) 
After eliminating W by the field equation, one finds the effective cubic vertex 

= ^^^/^7''(1 + l>,d,7:- (10.21) 

Comparison with the pion decay rate yields f = = 92.5 MeV. In our ap- 
proximation where 5'[/(3)-violating vacuum expectation values are neglected 
we also have fx = f ■ We have therefore taken in eq. ( [5. 151 ) an average value. 
A detailed discussion of semileptonic decays including S'?7(3)-violating ex- 
pectation values due to the nonvanishing mass of the strange quark can be 
found in ref. [|15 . 



d) Nonleptonic kaon decays 

For the non-leptonic weak decays of the kaons four effects need to be 
considered in linear order in Gp- The most important coupling arises from 
the one particle irreducible coupling ( |10.5| ). This is the only contribution in 
leading order. The second concerns the effective strangeness violating cubic 
vertices induced by the exchange of W^. A third contribution reflects the 
weak mixing between the pseudoscalars vr^, and the scalars a^, K*^ . This 
last effect needs information about the effective potential f/(7) and we will 
not discuss it here in a quantitative way. Finally, one expects "nonleading" 
strangeness violating vertices of the type (|10.4| ) involving higher powers of 
0, X oi' higher derivatives. A combination of these effects should explain the 
observed values 

V{Kl vr+vr-) = 5.061 • 10"^^ MeV 
T{Kl 7r°7r°) = 2.315 • 10"^^ MeV 
T{K- ^-n-n^) = 1.126- 10"^^ MeV (10.22) 
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which reflect the strong enhancement of the AI = 1/2 decays. 

The cubic couphng for the pseudscalar octet arising from ( |10.5| ) needs 
some care. At first sight the terms ~ seem to contribute. These terms 
generate, however, also parity-violating mixings between the vector mesons 
Vfj, and the pseudoscalars ~ (9^11 (cf. eq. ( p.0.7|) ). Subsequent "decay" of 
intermediate vector bosons into two Goldstone bosons leads to contributions 
to the effective cubic vertex. This issue is most easily dealt with by "inte- 
grating out" the vector mesons, similar to sect. 9. In lowest order in the 
derivatives one has (cf. eq. (|9.71 )) + gV^ = 0. As a consequence one finds 
d^C.'^df^^ a^a^ and concludes that the terms ~ do not contribute to the 
strangeness-violating cubic vertices. The effective cubic interaction therefore 
reads (9^ = 9^9^) 

4? = jAwgsTr {[d>^Ud^U,U]\e} (10.23) 
= jj:Awgs{Kl[6d^n+d,n- + 3d''n'^dy 

Here we have only retained terms involving one kaon and two pions in the 
second expression and we use 

K° = ^(ir° = , = ^(ir° + K°) = (10.24) 

V 2 V 2 

Evaluated on mass-shell (9^ — > M^), this vertex reduces to 
4? = -jjAwgs{m],-AMl)Kln+n~ (10.25) 
+ (^Mi - 2M^2)K°7rV + t{M^+ - M^o){K-n+7r' - ir+vr-Tr")} 

Up to tiny isospin-violating corrections from the difference between charged 
an neutral pion masses it only contributes to the decay Kg 2tt. With 

r(3)(K° 27r°) = T^^\K^s ^^^') = (10.26) 
^-gsiSM^ - AMI) = -1-26 ■ 10"% MeV 



2/ 

one obtains the partial width for Kg 27r° 

T{K^s 27r°) = 2.66 ■ 10"^^^| MeV (10.27) 
Comparison with the experimental value requires 

^8 = 2.95 (10.28) 
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This corresponds to a very reasonable value^ fiw ~ 440 MeV. From eq. 
10.26| ) one also infers that the decay rate T{Kg vr+vr^) is twice the one 



for the decay into neutral pions, in accordance with observation (see below 
eq. ( |10.41| ) for a correction to this relation). The vertex ( |10.5D does not 
contribute to the charged kaon decay. The latter will only be induced by W- 
exchange, pseudoscalar-scalar mixing and nonleading IPI vertices. We will 
see below that these effects are suppressed compared to the vertex ( p.0.25| ). If 
a computation of the effective coupling gg from the standard model couplings 
yields indeed the value (|10.28|) the dominance of the A J = 1/2 kaon decays 
can be naturally understood. 

In order to compute the contribution of W-exchange to the effective 
strangeness-violating cubic vertex we need the strangeness-violating two- 
point functions (|mD|) (H = ^n^A^) 

Cwn = ^ Trid^UKUW; + s,p+ + skK;+) + h.c. (10.29) 
and the cubic vertex 

Cwnn = ^ + ^^/^^ Tr {[n,a^npW} (10.30) 

= _!9|i±|iZliT.{|n.a^niA,}H.'; + h.c. + 

V2 1 + X ^ 

A+ = ^ce{Xi + 1X2) + ^se{Xi + 1X5) (10.31) 

Consider first the contribution from W^-exchange. Inserting the solution of 
the field equation 

- -7% ^' "^""^ - ^iif^|n.a.n])At } (10.32) 

into ( |T0:29| ), (lOSg), (|TaT^ ), one finds 
AW) _ . gwf 1 + 5a:/14 ^ 

Us = Tr {a'^HA+j Tr {[U,d,U]Xl} + Tr {d^UXl} Tr{[U,d,U]X+} 

+2V2K^d^' 71-3^71+ + V2K^ 3^3^71-71+} - c.c. (10.33) 

In the last expression we again have only listed the vertices involving one 
kaon and two pions. Another contribution arises from the exchange of p and 

^^For \5wx\ 7/2 the contribution ^ 5w is small. We have used x — A, 5w — ^ for 
the numerical value. Negative 5w lead to smaller values of ^w- 



with 
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K* mesons due to the stranKeness-violatina; mixine; (|10]29D. It is computed 
similarly by inserting 



V. 



AS 



9wf 



4 L-/>\--p 
Tr {d^Il\\} + c.c. 



into eqs. (|8A|), (^M^ . One finds 



w 



Tr {[U,d^U][cg{M^-d 



2\-l -^4 "I" ^-^J 



;i0.34) 



■]}Tr {df'nXl} + c.c (10.35) 



We observe that in the approximation — = M]^* — d"^ = the cubic 

In this 



9x 



14+5x ' 



vertex (|10.35| ) is proportional to ( |10.33| ), with a relative factor 
limit the total strangeness-violating contribution to the cubic vertex from 
W, p and K* exchange 



C 



w 

AS 



'-AS "T ''-AS 



• 9wf r 



(10.36) 



does not depend[^ on x. From eq. ( 10.36|) we can extract the contributions 
to the on-shell cubic vertices 



0^ 



^(3) 



J. 



TT IT 



71 71 



1 

4.2 ■ 10"^ MeV 




71 TT 



9wf 



ceSe{Ml-Ml] 



;i0.37) 



We finally have to inlcude the contributions from scalar pseudoscalar 
mixing and from nonleading IPI vertices. As discussed in appendix B, the 
interesting contribution can be parametrized as 



A/: 



• 9'wf r 



;i0.38) 



with zw of order one. In consequence, this leads to the multiplication of the 
ly-exchange contribution (|10.36|) by a factor (1 — zw)- 
The partial decay width for tttt is given by 



7171] 



^|r(3)(K ^ 7r7r)p 



1 \Pn\ 



3.347 ■ 10"^ MeV"^ 



(10.39) 



^® Alternatively, the effective interactions C^g can be evaluated by first integrating out 
the vector bosons V^. The leading term follows from inserting convariant derivatives in 



£j7 ( 5.24 ) and then integrating out the T^-bosons. 
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with an additional factor 1/2 for two identical 7r°. One finds 

T{K- n-n^) = 5.92 ■ 10"^^(1 - zwf MeV (10.40) 

For the reasonable value zw = 0.56 this is compatible with observation. The 
same parameter zw also determines the ratio (for /i^ > 0) 

r(iro^27rO) ^[^^ 3.71 ) ^ ^ 

This is in perfect agreement with the observed value 2.19, reflecting the fact 
that the kaon decays are governed by only two independent amplitudes. 

The overall scales appearing in the kaon decays can be visualized eas- 
ily from the effective vertex which obtains from "integrating out" the one- 
particle reducible W^-boson exchange 

^fs = 3l|^Tr{(0t9^0 - d,<P^<P)Tw}TT{{<P^dy - dy^<P)Tw} + ... (10.42) 

where the dots stand for terms involving x- Comparison with the leading 
invariant ( |10.4 ) shows that essentially is replaced by two powers of ctq 



or xo- The resulting relative suppression factor P/fXyy accounts for most of 
the relative suppression of the A J = 3/2 amplitude. A smaller additional 
suppression arises from the partial cancellation 1 — zw = 0.44. We observe 
that the suppression is not visible on the level of chiral perturbation theory. 
The invariant relevant for the A/ = 3/2 decays 

Cai=3/2 = (1 - zw)Cts = ^^\T2f'^^' Tr{U^d'^UTw}TT{U^d,UWw} 

(10.43) 

contains two derivatives just as the one ( |10.5D relevant for the A/ = 1/2 
decays. 

In summary, the A/ = 1/2 enhancement of the hadronic kaon decays 
can be qualitatively explained by two ingredients. Since for the pseudoscalar 
interactions only derivative terms are relevant, the leading dimensionless op- 
erator consistent with the symmetries is quadratic in or x- On the quark 
level it corresponds to diagrams involving two left-handed quarks. These 
penguin-type diagrams contribute only to A/ = 1/2 decays. On the other 
hand, the diagrams contributing to A J = 3/2 decays involve at least four 
left-handed quarks. On the mesonic level they correspond to effective opera- 
tors involving at least four powers of or x- Such higher dimension operators 
are suppressed according to the hypothesis of scalar Vervollstandigung. Op- 
erators of this type can arise from one particle reducible H^-boson exchange 
or from box-type diagrams where the IV-boson exchange is supplemented 
by gluon exchange. An estimate of the direct W^-exchange does not involve 
unknown parameters and shows indeed a small A/ = 3/2 amplitude. The 
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box-type IPI diagrams have the same structure as the ly-exchange contri- 
bution. Their negative relative sign is related to the sign of the appropriate 
anomalous dimension of the relevant four-quark operator. The corresponding 
factor (1 — zw) leads to a partial cancellation of the AJ = 3/2 amplitude. 
This further reduces the decay width for the hadronic decays of the charged 
kaons. The small parameter appearing in the relative suppression of the 
Ai = 3/2 amplitude is the size of chiral symmetry breaking ~ / divided by 
a typical hadronic scale ~ fiw 



11 Diquark condensates 

At high baryon density one expects quark pairs to condensate |^ . In particu- 
lar, the color-flavor locking at high density ressembles in several aspects 
the spontaneous color symmetry breaking in the vacuum discussed in the 
preceeding sections. In this section we reformulate the diquark condensation 
in terms of effectice bosonic diquark fields A ~ ipip. In contrast to the color 
octet X ~ V^V^ the diquark fields carry nonzero baryon number. If diquark 
condensation occurs at high density, the global symmetry corresponding to 
baryon number is spontaneously broken. There is therefore an order param- 
eter which distinguishes the high density phase with < A >7^ from the low 
density phase with < A >= 0. This implies the existence of a true phase 
transition. 

In addition to the fields discussed previously we consider in this section 
scalar fields with the transformation properties of quark-quark pairs. In 
our notation, these additional scalar fields are represented by complex 3x3 
matrices Ax,, Ar obeying 

5Al = -^e^Ax - ^AxBi , 6An = -te'^An-tAneR (11.1) 

The "quark pairs" AL(^ji^ ~ 4'L(R)i'L{R) belong to a color antitriplet and carry 
baryon number 2/3. The discrete symmetries act as P : A^ ^ A^^, C : 
Al ^ AJj. For an appropriate scaling of the fields, the most general effective 
Lagrangian consistent with these symmetries and containing operators up to 
dimension four is 

£a = ^T{i^'^A[-^gAU;){^,AL + ^gAlAL) 

+ {d^A^^ - zgAiA;){d,An + tgAlA^} 
+Ua{(I),X,^l,Ar) 

+ [hA Tt{A[Sl + A^rSr} + c.c] (11.2) 
Here the quark-quark bilinears (^l)^, (^ij)ja are defined as 

{h,R)ia = {'ipL,R)bjl3c'^'^{'ipL,R)ck^eijkeabc (H-S) 
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They transform under all continuous symmetries precisely like (bosonic) an- 
tiquaries {4'L)ia, {'ipfdia- (Here /?,7 = 1,2 are (Weyl-)spinor indices and 
_ ^Yi^ appropriate charge conjugation matrix. Our conventions 

[ pi| are chosen such that parity transforms 6l ^ 6ji.) One observes that 
transforms as Sl and similarly for Aj^ and 6r. The addition to the effective 
potential 

+e[{AL(p^)iaXrj,ab{^L)bj + {AR(P)iaX*jibai^B)bj 
+ iAL)iaX*jibai<P^L)bj + ( A^)i,Xi,af,(0^ AJj) 

+ ... (11.4) 

involves real parameters 7,/,,7x; and e. The dots stand for terms involving 
A, A"'' and two powers of or two powers of x- The additional potential 
conserves the axial U{1) symmetry. Electromagnetic and weak interactions 
are implemented by inserting the appropriate covariant derivatives. 

In order to visualize the physical content in this regime, it is convenient to 
use nonlinear coordinates in field space, given by hermitean matrices D^, Dr, 

Al = v^DlWI An = v^DnWji (11.5) 

Both Dl and Dji are color singlets with the transformation properties 

SDL = t[ep,DL], 6Dn = t[ep,DR] (11.6) 

With respect to the local reparametrization symmetry and the physical global 
S'f/(3)-symmetry and Dr transform as singlets plus octets. A possible 
expectation value of the singlets (proportional to the unit matrix) 

< Dl >=< Dr >= 5o (11.7) 

also preserves parity and charge conjugation. For 60 ^ baryon number is, 
however, spontaneously broken. From 

6emAL,R = -ipAL,RQ , 6emDL,R = iP[Q , Dl,r] (11.8) 

one infers that the electromagnetic ?7(l)-symmetry is modified in the Higgs 
picture (similar to the octet condensate) whereas the electric charge of So is 
zero. 

The diquarks A^^r carry baryon number B = 2/3. From 

A[A,. = WlDIwI , A^^Ar = WrDIwI (11.9) 

and the fact that Wl^r have B = 0, one concludes that Dl and Dr cannot 
carry nonzero B. The definition of the nonlinear fields ( p.l.5|) implies then 
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directly that must have B = 2/3 in accordance with the discussion in 
sect. 6. In fact, up to reparametrization transformations the decomposition 
of 0, and into the nonhnear fields is unique, except of special points 
in field space where some fields are not invertible or degenerate. For Di = 
Dr = 5, 5 7^ the association of v"^ = AiWl/6 with a diquark field is 
particularly apparent. 

For small A/, = Ar = 5 = 5* one may expand Va = rri^ TrjA^^Ai + 
AJjAr} such that Ua = \M]5'^ + ... with 

32 

Ml = 12mi + 127^(To + y^7xXo(l + 2e(To) + ... (11.10) 

Typically, the masses and couplings will depend on the baryon chemical 
potential /i^. Baryon number conservation in the vacuum requires M| > 
for /i^ = 0. In the spirit of the discussion in sect. 2 the couplings also 
depend on the renormalization scale k. In particular, for large k (and = 0) 
perturbative QCD should lead to a positive mA and one can neglect ctq and 
Xo- In presence of quarks the field equation for Al,r becomes then (for 

Al,r = -^~5l,r (11.11) 

This shows the connection between the composite fields A^j^ and quark- 
quark bilinears. 

For k = and large baryon density (large fis) one expects the min- 
imum of Ua to occur for 5q 0. The particle content in the sectors of 
pseudoscalars, vector mesons and fermions may again be obtained from a 
non- linear representation by setting = = 5o in eq. ( |11.5| ). As before, 
the field v disappears from the effective action and only color singlets for 
possible physical excitations remain. Inserting eq. (|11.5|) into eq. ( |11.2| ) 



leads to expressions that are similar to sects. 4,5 in many respects. This 
is not surprising - except for the spontaneous breaking of baryon symmetry 
the symmetries are the same. 

At this place we note that for 5o ^ there are terms in the effective 
potential linear in x- They arise from the cubic term ~ 7^ or the quartic 
term ~ e in eq. ( |11.4|) . As a consequence, no solution xq = is possible for 
5o 7^ - the diquark condensation necessarily induces a color octet < ipip >- 
condensate! (In the limit where the nonlinear part of the effective potential 
for Xo is dominated by a quadratic term ~ |Ai^(crO) '^o)Xo' the expectation 

value is given by xo = -167x(l + 2e(To)5o/(V6/^x)-) 

In our scenario the octet condensate xo is therefore different from zero 
both for small and large baryon density. The only qualitative change at high 
density is the spontaneous breaking of baryon number by (5o 7^ 0. A second- 
or first-order phase transition line separates the low density phase with 5q = 
from the "quark matter" phase at high density. Due to the spontaneously 
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broken abelian baryon number symmetry quark matter is a superfluid [[l^ 



If the phase transition is of second order it belongs to the universahty class of 
the 0(2)-Heisenberg model. It is plausible that the transition line to quark 
matter could bifurcate from the line of first order transitions between a nu- 
cleon gas and nuclear matter (nucleon liquid). (This latter transition line 
ends in an endpoint with critical Ising behavior.) If so, there is no distinc- 
tion between nuclear matter and quark matter at low enough temperature. 
For T = both nuclear and quark matter would be superfiuids with sponta- 
neously broken baryon number. They should be identified thus leading to a 
further manifestation of quark-baryon duality. 



12 Heavy quarks 

In this short section we extend our description to the heavy quarks carrying 
quantum numbers of charm, beauty and topness. These quarks are neutral 
under the global SU{3)l x SU (3)r symmetry. With respect to the physical 
SU{3)v symmetry they therefore transform as antitriplets. The physical 
electric charge has a contribution from Qc similar to table 1. In consequence, 
the charmed fermions carry electric charge 0, 1, 1. In complete analogy with 
the discussion in sect. 6 they also carry integer baryon number. We identify 
them with the charmed baryon antitriplet S°(2472 MeV, dsc), (2466 MeV, 
use) and (2284 MeV, udc) where we have given the mass and the standard 
quark content in brackets. In the nonlinear language the charmed baryons 
consist of the c-quark and the nonlinear diquark field which carries the 
quantum numbers of two light quarks. Similarly, the fermions with beauty 
carry electric charge -1,0,0. They are identified with (dsb), (usb) and A° 
(5641 MeV, udb). The quantum numbers of the fermions with topness are 
the same as the charmed baryons. The weak interactions follow from the 
standard assignment into doublets with the appropriate Kobayashi-Maskawa 
matrix. 

The description of the charmed mesons needs the introduction of scalar 
fields for the bilinears qc, qc, cc with q representing the three light quarks 
{u,d,s). As for the light quark-antiquark pairs these scalars transform as 
singlets or octets with respect to the color symmetry SU{3)c- From the 
transformation properties with respect to SU{3)l x SU{3)ji x SU{3)c we 
can read the representations of the physical S't/(3)y-group 

(qc): (3,1,8 + 1) — ^3 + 3 + 6 + 15 
(1,3,8 + 1) — ^3 + 3 + 6 + 15 



(cc) : (1,1,8 + 1) — ^8 + 1 (12.1) 

Only the singlet (cc) can acquire a vacuum expectation value consistent 
with S'?7(3)v-symmetry. We also note that a direct Yukawa coupling of 
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the charmed quark to or x is not allowed by the chiral SU{3)l x SU{3)r 
symmetry. The relation between current quark mass and baryon mass (or 
constituent quark mass) may therefore differ between charmed quarks and 
up, down, or strange quarks. In summary, the charmed particles do not 
constitute an obstacle for the picture of spontaneous breaking of color. The 
quantum numbers of the physical fields agree with those of observed particles. 
The same holds for beauty and top. 

13 Conclusion 

We conclude that the "spontaneous breaking" of color is compatible with 
observation. The simple effective action ( |2.6| ) gives a realistic approximate 
description of the masses of all low-lying mesons and baryons and of their 
interactions. Gluon-meson duality is associated to the well-known Higgs 
phenomenon with colored composite scalar fields, corresponding to quark- 
antiquark pairs. 

The most important characteristics of our scenario can be summarized in 
the following points. 

(i) The Higgs mechanism generates a mass for the gluons. In the limit 
of equal (current) masses for the three light quarks the masses of all gluons 
are equal. This leads to a simple picture of confinement: If one places color 
charges at different positions in the vacuum, the gauge fields cannot vanish. 
Due to the nonzero mass of the gauge fields, the energetically most favor- 
able configurations are color-magnetic and color-electric flux tubes. This is 
in complete analogy with the Meissner effect in superconductors, with the 
additional ingredient that the Yang-Mills self-interactions link color-electric 
and color-magnetic fields. The string tension of the flux tubes provides for a 
simple mechanism for the confinement of color charges. More precisely, these 
statements hold only as long as string breaking due to quark-antiquark pairs 
is energetically suppressed. One may attempt a computation of the string 
tension appearing in the heavy quark potential by solving the field equations 
derived from the effective action ( ^.6| ) in presence of static color charges. 

(ii) The physical fermion fields are massive baryons with integer electric 
charge. The low mass baryons form an octet with respect to the SU{3)- 
symmetry group of the "eightfold way" In a gauge-invariant language the 
baryons are quarks with a dressing of nonlinear fields. In a gauge-fixed version 
quarks and baryons can be described by the same field. This is quark-baryon 
duality. The main contribution to the mass of these baryons arises from 
chiral symmetry breaking through quark-antiquark condensates in the color 
singlet and octet channels. These considerations extend to the heavy quarks 
c, b, t, except that the mass is now dominated by the current quark mass. The 
lightest charmed baryons (and t-baryons) belong to a SU (3)-antitriplet with 
electric charge 0,1,1. Correspondingly, the 5'?7(3)-antitriplet of the lightest 
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6-baryons carries electric charge -1,0,0. 

(iii) Our scenario shares the properties of chiral symmetry breaking with 
many other approaches to long-distance strong interactions. In particular, 
chiral perturbation theory is recovered in the low energy limit. This guar- 
antees the observed mass pattern for pions, kaons and the ?]-meson and the 
structure of their (low momentum) interactions. 

(iv) Spontaneous color symmetry breaking generates a nonlinear local 
S't/(3)p-reparametrization symmetry. The gauge bosons of this symmetry 
originate from the gluons. They form the octet of low masses physical vector 
mesons. (The singlet discussed in sect. 8 can be associated with the gauge 
boson of the abelian f/(l)p-symmetry and the ninth vector meson.) The 
symmetry relations following from SU{3)p symmetry appear in the electro- 
magnetic and strong interactions of the vector mesons. They are compatible 
with observation and provide for a successful test of our scenario. 

(v) The A/ = 1/2 rule for the weak hadronic kaon decays arises naturally 
once weak interactions are incorporated into our picture. It is a consequence 
of the properties of the lowest dimension operators which are consistent with 
the symmetries. 

Beyond the important general symmetry relations arising from the nonlin- 
ear local reparametrization symmetry the simple effective action (|2.6|) leads 
to particular predictions. They are related to the assumption that the ef- 
fective action can be described in leading order by effective couplings with 
positive or zero mass dimension. This should hold once composite scalar 
fields are introduced for quark-antiquark bilinears and counted according to 
the canonical dimension for scalar fields. Expressed in other words we assume 
that the dominant nonperturbative effects in QCD result in the formation of 
scalar and pseudoscalar bound states and in large effective couplings. This 
assumption of scalar VervoUstandigung can be tested by comparing the pre- 
dictions of the effective action ( |2.6| ) with observation. For this purpose we 
fix the parameters Xo? c^o and g by Mp, f^, and r(p — > e^e"). More precisely, 
we use here eqs. (5.16), (5.17) (7.14) with Mp= 850 MeV, /o= 128 MeV, 
g^yy = 0.12 GeV^. (With g = 6 we may take the limit x — oo for many 
expressions, keeping in mind that the precise value of x is needed mainly for 
a determination of ctq.) In addition, the Yukawa couplings h, h are fixed by 
the baryon masses Mg, Mi (cf. eq. (4.10)) whereas the strength of the chiral 
anomaly u and u' determines M^, by eq. (5.19). (The precise ratio u'/u 
is not relevant here.) We concentrate on the following predictions of scalar 
VervoUstandigung which are not dictated purely by symmetry considerations: 

(1) The pion nucleon couplings are found as F = D = 0.5 to be compared 
with the observed values F = 0.459 ± 0.008, D = 0.798 ± 0.008. 

(2) The decay width r(p — » 2tt) = 115 MeV turns out to be somewhat 
lower than the observed value of 150 MeV. (Note that we use here directly 
eq. ( p.2|) and Kf equals one in leading order, such that gp.„T, = 4.6.) 

(3) The direct coupling of the photon to pions is suppressed g^-mrle = 0.04 
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(by virtue of eq. (|7.17|) with Mp Mp, f^, /o). This phenomenon of 
vector dominance describes well the observations. 

(4) The effective next-to leading order couplings Li, L2, of chiral per- 
turbation theory come out compatible with observation. In particular, scalar 
Vervollstandigung predicts L2 = 1.7 ■ 10-^ L3 = -(3.9 - 5.2) ■ 10"^ 

(5) The inclusion of weak interactions leads to a suppression of the A/ = 
3/2 hadronic kaon decays compared to the ones with AI = 1/2. A real- 
istic picture of the three hadronic kaon two-body decays is obtained. This 
involves, however, two additional parameters. 

For a first approximation we consider the effective action (|2.6| ) as very 
satisfactory. Corrections arise from two sources: (a) The nonvanishing quark 
masses, in particular the strange quark mass, break the physical global 
S'f/(3)-symmetry. (b) Higher order invariants are certainly present in the 
full effective action. One important source relevant for the vector mesons 
is discussed in appendix A. Some of the corrections are known phenomeno- 
logically as, for example, the partial Higgs effect which reduces the average 
meson decay constant from /o to the mean value / = (/,r + 2/i<:)/3=106 MeV. 
Together with the further lowering of /,r as compared to / by SU{3)v viola- 
tion this leads to a realistic value of r(p — 27r). The neglected higher-order 
invariants can be used to improve the agreement with observation. Typically, 
these corrections are below 30 %. 

Once the singlet vector meson Sp is added (cf. eq. (p.7|)) the effective 
action ( p.6|) may be viewed as the lowest order of a twofold systematic ex- 
pansion. First, higher ( "non-renormalizable" ) invariants involving additional 
powers of or X lead to corrections ~ P / 1^1 ~ 0.1 — 0.3 with /i^ a typical 
strong interaction scale. We have encountered this factor in hadronic weak 
decays {fis=fiw), the partial Higgs effects ( |5.11| ), ( |A.41| ) (/is=/^p/ep7r7r) or the 



coupling between nucleons and the axial vector pion current — I ^ Un 
( p.2| ), ( |A.45| ) (/is=/ip/ ^CpqqepT,T,\ Second, the expansion in the number of 
derivatives involves some characteristic squared momentum jMl as a small 
parameter. Typically may be of the size of the mass of particles not 
included in our description, i. e. Mg ~ 1 GeV. A typical operator is 
[Z^jM^^iYip, '-^^[GiJ'ipj. This is responsible for the anomalous magnetic mo- 
ment of the nucleons via the mixing between the photon and the gluon Gp 
(see sects. 3,7). We observe a typical relation Mg/fig = Cg with Cg around 
three a dimensionless coupling constant of the type ep,r7r- Furthermore, the 
expansion in SU (3) violating effects originating from the strange quark mass 
is governed by (fK — fn) // ~ 0.2. This last expansion may remain within 
the hypothesis of scalar Vervollstandigung. 

The parameters of the model being fixed additional predictions become 
possible. An example are the rare electromagnetic decays of mesons. Partic- 
ularly interesting is the strangeness splitting of masses of the various SU{3)v- 
muliplets. This involves, however, some additional parameters of the effective 
scalar potential (2^). On a phenomenological basis the S'f/(3)i/-violation will 
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apear in the form of different expectation values of and x the strange 
and nonstrange directions. 

The present framework opens new perspectives for a calculation of the 
properties of hadronic matter at high temperature and density. Especially 
for high density the issue of baryons vs. quarks plays a crucial role due to 
the different Fermi surfaces [|rB[. Quark-baryon duality allows for a simple 
approach to this problem by using only one field. 

Quark-baryon duality has profound implications. The nonrelativistic 
quark model where baryons are bound states of three quarks is now sup- 
plemented by the view of baryons as "dressed quarks". In a high energy 
scattering process "physical quarks" will come out, but they will come out 
with the quantum numbers and masses of baryons. In this sense, quarks 
are not confined particles, despite the fact that color charges remain exactly 
confined and cannot appear connected with free particles. When leaving the 
interaction region, the physical particles (asymptotic states) acquire always 
a dressing by (nonlinear) fields that makes them color neutral and integer 
charged. (In precise formulations of quantum field theory this also happens 
to electrons - the physical particles being neutral with respect to the elec- 
tromagnetic gauge symmetry.) This view may have important consequences 
for our picture of the parton model, both for structure functions at small 
and for fragmentation. 

Let us finally address this perhaps most important open issue in our 
approach, i.e. its connection to the parton model at high and to the non- 
relativistic quark model which describes rather well the higher bound states. 
In short, one has to understand the correspondence between quarks dressed 
by a cloud of diquarks and bound states of three quarks. The effective action 
( |2.6| ) is thought to be valid at low momenta. Going to higher momenta, the 
couplings become typically momentum-dependent. This also holds for the 
definition of the nonlinear fields, e.g. — »• Z^{—D^D^) in eq. ( [4.1| ). Along 
the lines of the discussion in sect. 2 the effective action at high momentum 
(or, more precisely, large off-shell momentum) should be given by pertur- 
bative QCD, with g the perturbative gauge coupling and Z^{—D'^) ^ 1. 
The scalar part of the effective action should express appropriate IPI con- 
tributions in the perturbative quark-gluon language. For high momentum 
scattering the dominant effect of spontaneous color symmetry breaking is 
then the mass term for the gluons which provides for an infrared cutoff. "In- 
frared safe" quantities which can be reliably described by perturbative QCD 
are not very sensitive to this mass. 

In a momentum basis the nonlinear field decomposition ( [4.1|) reads for 
Z^{-D') = 1 {with = J ^) 

MP)= I I Wl{P-P-p')Nl{p)v{p') (13.1) 
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This may be inserted, for example, into the electromagnetic vertex 



~ eTi{ijiP + q)YQHP)}BM- (13.2) 

The scattering of an off-shell photon with momentum q and an off-shell quark 
with momentum p to an off-shell quark with momentum p + q describes 
the annihilation of an on-shell proton with momentum p and simulta- 
neous production of the fields contained in the "spectator jet" Y{p — p). 
Here the spectators consist of the particles described by the nonlinear fields 
Y ~ W'^ o v\ with o denoting the appropriate algebra for the particular 
combination relevant for the proton. The "parton" ip{p) carries a (longi- 
tudinal) fraction x = —q'^/{'2{pq)) ~ {pp)/{p^) of the spacelike momentum 
of the proton. Similarly, the produced quark 'ipip + q) "fragments" into the 
hadrons X contained in its nonlinear decomposition ( p.3.1|) . In a process with 



high off-shell parton momenta final states involving many on-shell hadrons 
become kinematically accessible . On a hadronic level, this corresponds to 
inelastic multihadron production iV + 7* — >■ X + F. If the parton structure 
functions can be suitably implemented in this setting] the conservation of 
global quantum numbers should lead to the appropriate sum rules. A devia- 
tion of from one modifies the composition of X and Y without effecting 
the general setting. 

Instead of the momentum dependence of the effective couplings one may 
also investigate the related (but not identical!) dependence of the effective 
action Tk on an appropriate infrared cutoff k (see sect. 2). The use of 



nonperturbative flow equations fTj] for Tk may hopefully permit to connect 
perturbative QCD with the effective action Fq ( p.6|) . 

These last ideas are only sketches for further developments. The phe- 
nomeno logical success of the simple low momentum effective action proposed 
in this paper should motivate a serious investigation in these directions. We 
hope that quark-baryon duality will permit further insights into the connec- 
tion between the parton model and the QCD-vacuum. 
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Appendix A: Four-quark interactions in the 
color singlet vector channel 

In this appendix we discuss the effects of four-quark interactions in the color 
singlet vector and axial vector channels. As for the scalar and pseudoscalar 
channels the effective action is described in a partially bosonized form. For 
this purpose we introduce fields for the composite quark-antiquark bilinears 
Pl) Pr "which correspond to ipi'j'^ll ± 'J^)ipi- 

Let us add to the effective action ( |2.6| ) a piece accounting for the four- 
quark interactions in the vector channel. We express it in terms of effective 
interactions^ for left-handed and right-handed vector fields p'l, pp^. 

= ^pqq + ^p'i + ^(1,'^p + -^^^Zpa + C^2p + C^2p2 + CpB (A.l) 



Cp2 



Cpqq = V^Z^Cp^qTlil/jLl^pLi^L + ^RIpPr^r} 

V2 - 
+ — Z^Cpqq{i:i{ipLlt,iJL}'^'^pL + Tr{V'fl7/.V'/?}Trp^) (A.2) 

\ti{{DpPlu - D,pLp){D^pl - D^pI) (A.3) 
-r-TT{{Dppl){D^pl)} + ^{d.Tvplf + /ijTr{p^,pt} + (L ^ R) 

(Xp p 

+ ^PiTr{p^ - p^}IY{pL^ - pr^} + ^p^Tr{p^^ + p^}Tr{pL^ + pR^} 
C^2p = ^y2cp,^Tr{(D^0V-0^^/.0K + P/.00^-0^/.0^)pii} 

= 2(cJ,, + A)(Tr{0t0p^p^^} + Tr{00tp^p^^}) 

-4(cJ,, + /2)Tr{0tp^0p^4 _ l/2(Tr{0t0} _ 3a2)Trp^Trp^^ 
+4/3(Tr{0t0} - 3ao2)Tr{p^pi^ -t- p^p^^} 

+ ^/3(Tr{0t0} _ 3ao^)(Trp^Trpz.^ + Trp^^Trp^^) (A.5) 

C^2p = iV2ep^^{[{DpX)ijabXijac- X*jabiDpX)ijac]ipL)cb (A.6) 
+ [{DpX)ijabXijcb - Xtjab{D^xTijcb]ipR)ca} 

+i^ep^n[{D^XyijabXijab - Xijab^D f,x)ijab](jT p^ - Trp^) 



^® We follow here closely appendix B of ref. . The normalization of the matrix- valued 
fields used here differs by a a factor of two from . 
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C^2p2 — ei[x*jabXijaciPL)cdihlM)db + XijabXijcbiPR)cdiPRtJ.)da\ 

+^2X*ijabi.PR)acXijcd{,pLix)db 
1 4 

+ ^h{xljabXi3ab - -Xo)Trp^Trpi^ 
4 

+(i^{xljabXijab - -Xo)Tr{p^PLM + pRpR^^} 

+ \^^i.X*ijabXijab - ^Xo)(Trp^TrpL^ + Trp^Trp^j^) (A.7) 

l^pB = ^ep^^Tr{9^pi^ - d^pL^, + d^pR^ - d^pRf,}B^"" (A. 8) 

Here we have defined 

Pl,r = Pl,r - \^'^Pl,r = \pT,r^z (A.9) 
and the electromagnetic covariant derivatives read 

D.pIr = d.pln - teB,[Q, pl^] (A.IO) 

Up to omitted terms involving three or four vector fields p^ ^ this is the most 
general effective action with terms up to dimension four and consistent with 
chiral, color, electromagnetic and discrete symmetries. The fields p^^ ^ are 
color-neutral and transform with respect to chiral SU {3)l x SU{3)ii as octets 
Pl,R singlets Trp^^^ 

6PL, = ^[Ql,p11 ^p'r = ^[0H,P^] (A.ll) 
whereas the discrete transformations read 

P- p'l--p'r 

C: pi^-{p'Rf, P^R^-ipif (A.12) 

As discussed in sect. 2, the effective four-quark interactions in the vector 
channel (as well as other multiquark interactions) can be recovered from 
( |A.1| ) by solving the field equations for p^ and p^ as functionals of ip,(j) and 
X- It is obvious that the reinsertion of this solution into the effective action 
produces an addition to the effective action ( p. 61) for '?/', 0, x and which 
now also contains terms of dimensions larger than four. In this sense the 
piece ( |A. 1|) can be interpreted as a suggestion for the most important higher 
order operators not yet contained in eq. (^I6|) . In particular, the induced 
effective four-quark interaction for low momenta reads 

-TA TTiijY^^X,^} ^T{^PJp^'X,^P}] 
Tt{^Y^} Triij^^ij} 

12pf 

- Tt{^Y^^^} Tr{V^7^7^7/;} (A. 13) 



12pj 
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with 



The first term contributes to the isospin triplet vector channel for the nucleon- 
nucleon interactions (with My and given below). 



The effective interactions in (|A.1|) involve many new parameters. We 



concentrate here only on the most important modifications as compared to 
the effective action (|2.6| ). First of all, the fields pi and contain vector 
(ry) and axial vector {p'^) degrees of freedom 



The squared mass for the axial vector octet obtains as 

,2 1 
-ei + — 
9 36 



v = ^(Ph + P^), p'a = ^{p''r-p'l) (A.15) 



MI = pI + 2al{2cl^^ + A + h) + (-ei + -e^)xl (A.16) 



whereas the axial vector singlet mass term is given by /x^. The vector field 
Ty provides now for the missing singlet vector meson 




^, = W-Trr(^ (A. 17) 



with squared mass /iy. We note that the axial vectors cannot mix with the 
vectors because they have different parity. Also the singlets cannot mix with 
the octets in the limit of an unbroken physical SU (3) symmetry. On the other 
hand, the octet in Vy has the same transformation properties with respect to 
the physical global symmetries as the gluons. One therefore expects a mixing 
with the fields in . 

For an investigation of the interactions with the pseudoscalar mesons we 
introduce again nonlinear fields 

n = Wl(rjW:^, T^^ = WiplWn (A. 18) 

and we replace eq. (|A.15|) by 



r(^ = ^(Ti^+Ti:), p\ = ^^{n-n) (a.i9) 

These fields transform homogeneously as octets and singlets under the local 
reparametrization symmetry 

^Tl^ = i\Qp.Tl^ (A.20) 

and are neutral with respect to 5'f/(3))2, x S\J(^r x S'f/(3)c. They also 
transform homogeneously with respect to the electromagnetic gauge symme- 
try 

4mr() = <], b,^p\ = t(3[Q, p>2 (A.21) 
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If we define 

D^PAu = d^pAu - ieBfilQ, PAu] + i[Vf,, PAu] + rvu] (A.22) 

«/. = -\{^rD^Vr - WId^Wl) (A.23) 
the terms quadratic in p read 

+lTr{(^,p^, - D,pA,)iD^p'A - D'p'a)} 
+^i:r{{b,r>^f + {D,p'Xf] 

OLp 

^^WSA,f^{d^s,f\ 

+/i2(Tr{f(^fy^} + Tr{p^p^^}) 

'^p'aSISa^ + \p\S^S, (A.24) 

with 

f'y = A- ^Tr r(^, p^^ = p\- ]^.p% = ^Trp^^ (A.25) 

The existence of an additional homogeneous vector field Vy allows us to 
construct new invariants and leads to mixing. Indeed, the invariant for the 
vector currents in (|7. 1|) is now enlarged by a piece 

Cvv = xlTT{{v, + g%-eB^Q){v'^ + gW-eB'^Q)} 

+M^TT{fvA} + 2^^pTr{({)^ + gV^ - eB^Q)fi^} (A.26) 



with 

M'y = pl + 2al{h - h) + (^ei - y,)xl (A.27) 



The mixing term ~ Vp arises from the covariant derivative in the cubic x ~ 
X- P term (a^ = a^- |Tra^) 

C^2p = -2ep^^Xo[Tr{(i)^ + gV^ - eB^Qy^.} + ^Tr{a^p^;}] (A.28) 

T^p = -ep^^xl (A.29) 
The low mass vector meson octet py and a heavy state Hy 

Py = COST V^^ + sin r fy, 

= COST fC^- sin r (A.30) 
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are the mass eigenstates with mass eigenvalues 

1 



Ml = \{9\l + M'y + - + ^g'^lp (A.31) 

and mixing angle 



For the interactions it is most convenient to eliminate fy by its field 
equation. In the local approximation, where the kinetic term for fy is small 
compared to the mass term (g^ <^ My), one finds 

- '''' (f)^ + gV^ - e5^g) (A.33) 



M2 



and therefore 



Cvv = ixl - ]^^)Tr{(^/. + gV, - eB,Q){v^ + gV^ - eB'^Q)} {AM) 
This is the same structure as (|7.1| ), leading for the p — vr-interaction (|7^ ) to 

«=7l(Xo-7^) (A.35) 
Mv^ 

hereby lowering the value of a as compared to (|7.6|) . The kinetic term for 
also obtains a contribution from the insertion of ( [A.33| ) such that the 
p-mesons with a standard normalization correspond to 

^.= (l + §)"V'' (A.36) 



After a replacement of V by pv this modifies ( [7 .61) according to 

As announced before the structure of the interactions between vector mesons, 
pseudoscalar mesons and photons is dictated by the local U{3)p x U{l)em 
symmetries. The low momentum limit is not modified by the inclusion of 
additional interactions or degrees of freedom. In the following we work in 
the approximation 

ul<^xlMl e%^^^ (A.38) 

AO 

such that the modifications of a and gp can be neglected. 
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Let us next turn to the contribution to the pseudoscalar kinetic term 
( |5.11| ) from the interaction ~ Tr{p^a^}. In addition to ( [A.28| ) such a term 
is also induced by 

C^2p = -8cp^^a^Ti{p'Xa^} (A.39) 
With the electromagnetically covariant axial vector current 

= a,+ ^-Bp{WlQWL-W],QWR) 

= -'-Wj,D,UWL='-WlD,U^WR 

1 1 
= O/x - gTra^, Tra^ = Tra^ = -^d^9 (A.40) 

the term linear in is also linear in the pseudoscalar fields. It corresponds 
to a mixing between the pseudoscalar in U and the pseudoscalar d^pj^ (both 
are states). This so-called "partial Higgs effect" has been extensively 
discussed in |T^. After elimination of the field by virtue of the field 
equation it leads to an additional negative contribution to the pion decay 
constant /. Indeed, for 

CpA = MlTr{p^p^J + 2aTr{p>J - c^,-, Ti {Njp-f'>p>XN} + ... 
a = -iaQ^Cp^^ + xepnrr) (A.41) 

the insertion of the solution of the field equation 

p'a = -^f + ^ Tr{iV7^^A.Ar}A. + ... (A.42) 
yields the bosonic contribution 

4'i = -^Tr{a"a,} + ... = -^TT{D^U^DpU} + ... (A.43) 
This constitutes the contribution Aj mentioned in sect. 5 



^/ (CpTTTT ~l~ XCpjYTT^ f 



/2 Ml/2 KjMl 

Similarly, the contribution quadratic in the baryon fields reads 



0.45 (A.44) 



= ^ ^ 0A5^^ ^ -0.31 ' (A.45) 



There are similar contributions from the elimination of the singlet axial vector 
Tr a'^. 
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We finally note that the insertion[^ of eq. ( |A.42| ) into ( |A.24| ) introduces 
a term (after partial integration) 

= -2^^Tr{(D%-D%)[a„a.]} + ... 



2i 



M'i 
a 



Ti{d'r^yj,[Ii,d,Ii]} + 



with Tyj' the transversal part of ry^d"^ = dfj,d^) 

QVQP 



VT 



Q2 < 



Using ( [A .341 ), this replaces for the p ^ 211 decay rate 

Ppag 



Qp-n 



SpTTTV ~t~ 



9 



X 



9p-n 



+ 0.45^^ 

a 



Qp^^ + 0.58(1 + 



-'pTTTT 



xe 



9 



(A.46) 

(A.47) 
(A.48) 

(A.49) 



pTTTV 



where we have employed the on-mass-shell condition {d^ My). As a result, 
the phenomenologically required value of ^fp^^r in eq. ( [7.8|) could be smaller 
than 6, and in consequence, the value of a required by eq. (|7.1CI|) could be 
somewhat lower than 2. 

We observe that after eliminating Vy by ( |A.33| ) the term ( |A.46D leads to 
an invariant 



Vj 

DpVi,. 



TT{{DVj-D''vf)[a,,a,]} 



(A.50) 

Since Vj and transform homogeneously with respect to U{3)p x U{l)em 
and ( [A.50| ) involves a fully covariant derivative, it is obvious that I3 adds a 
new invariant structure to the terms contained in eq. (|7.1|) . This invariant 



influences the cubic and higher interactions but does not contribute to the 
two-point functions. Concerning eq. (|7.8|) , it does not affect M^, g^p and m%, 
whereas quantities like gpj^T^ or g^T,,, receive corrections. One concludes that 
the KSFR relation ( |7.9| ) is not a pure symmetry relation. Its validity also 
requires that the effective action for p-mesons is dominated by the invariant 
Cvv ( P'-5|) . The observed success of the KSFR relation implies that correc- 



tions from J3 must be small. This is the case for Cptttt ^ CpTrn/x, implying 



that the mixing between Vy and V'^ can indeed be neglected (cf. eq. ( |A.29 )). 
For processes not involving axial vectors we therefore retain from ([A.l|) only 
(for the singlet vector meson), C^2p (for the partial Higgs effect) and 



Cp2 



Cpqq (for the effective nucleon interactions in the vector channel ( |A.13| ). This 



leads to the additional terms ( p.7[ ) displayed in sect. 8. 

'The contributions from inserting corrections ^ rya to ( A.42| ) into ( A. 41 ) vanish. 



29n 
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Appendix B 



In this appendix we discuss invariants with SU{3)c x SU{2)l x U{1)y local 
and SU{3)ji global symmetry beyond the ones mentioned in sect. 10. We 
first turn to terms without derivatives. One may ask if local terms not 
involving derivatives could generate a term involving only one strange meson 
as, for example, the CP-even state Kl = ^{K° + K^). Such terms would 
contribute to the weak kaon decays. The answer is negative, as can be seen 
by inserting into the infinitesimal transformation of 11 up to linear order 

5u = ©l) + ^(©i?n - ne^) + m^) (b.i) 

the appropriate global SU{2)r x U{\)r or local SU{2)l x U{1)y transforma- 
tions. In fact, the remaining symmetry is still powerful enough to forbid for 
= any nonderivative terms involving the pseudoscalars vr^, vr'', r], K^, K^. 
Any nonderivative coupling must therefore involve an even number of charged 
kaons of the form (K^K^)"'. For sg ^ this is replaced by {cgK^ — sgn'^) ■ 
{cgK~ — s^TT")". On the other hand, strangeness- violating processes always 
have to involve charged VT^-bosons. In lowest order ~ we can neglect 
the exchange of Z^. The strangeness- violating short- distance four-quark in- 
teractions have then a global SU{3)r flavor symmetry. This forbids also the 
terms mentioned above. One infers that there are no strangeness-violating 
non-derivative interactions in order M^. We conclude that we can omit all 
additional non- derivative interactions for a discussion of the weak decays of 
pseudoscalars. 

We next turn to terms involving two derivatives and we restrict the dis- 
cussion for simplicity to 0. It is straightforward to see that terms involving 
only one trace and only one matrix Xw lead to the same structure as ( |10.4| ) 
since 0V = '^o ^-s the pseudoscalars are concerned. We therefore 

omit such terms. The invariant involving four powers of and one factor of 
Xw is proportional Tt{cI)^ D'^(l)Xw}'~^'^{<P^ D ^^cp} and does not contribute to the 
hadronic kaon decays into two pions. This is obvious by expanding for = 

(j)^D^(f> = alU^d^U = -j^iid^Tl + y[9^n, n]) + ... (B.2) 

A relevant invariant reads 

^w,^ = -^Tr{(0tD,0 - Z},0t0)^^}Tr{(0tD^0 _ D^^^^)fw] (B.3) 

with 

TWl = CgTi + SgXi , Tw2 = C0T2 + , Tw3 = ^ (B.4) 

Here the fact that is not rotated is related to the absence of flavor- 
changing neutral currents. (The rotation of the type (|10.2| ) has to be realized 
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by a four by four matrix including the charm quark.) Up to a factor —z^r 
the invariant ( |B.3| ) has precisely the same structure as the one generated 
from one-particle reducible VT-exchange by inserting the field equation for 
W as a functional of 0. This is no surprise since the underlying structure on 
the quark level corresponds to box-type diagrams where the exchange of a 
VT-boson is supplemented by gluon exchange. A similar argument holds for 
operators involving x- The effects of the weak mixing between scalars and 
pseudoscalars may also be represented by effective higher-order operators of 
the type ( p.3|) which obtain after elimination of the scalar fields via their 
field equation. We include all these effects^ by multiplying the M^-boson 
exchange contribution ( |10.36| ) by a factor (1 — zw)- The relative minus sign 
{z\Y > 0) reflects the negative sign of the corresponding anomalous dimension 
in perturbation theory. 

Strangeness-violating local interactions can also appear on the level of 
the Yukawa couplings between quarks and mesons 

= ^^^^^ (l^*^^- + ^^^-) + ^^-'^ 

The interaction ( [B.5| ) is the only dimensionless invariant contributing to 
strangeness-violating baryon interactions. According to the hypothesis of 
scalar Vervollstandigung it should dominate the hyperon decays. It has to 
be supplemented by strangeness-violating mixings of the pseudoscalars dis- 
cussed in appendix C. 

We recall that we work in a basis where both the kinetic and the mass 
term for the quarks conserve strangeness. This imposes constraints on the 
effective strangeness- violating couplings. As discussed in sect. 2, we can 
recover the multi-quark interactions by inserting the solutions of the field 
equations for and x functionals of ipip- The terms ( |10.3| ), ( [10. 4| ), ( [B.5| ) 
result in a shift of the solution = 0o[^] + '50['0]- For large enough k this 
reads approximately 

(B.6) 

with ^ 

(0o)ab = Z^h{ml - d'^y^ipLibi^Rai + -Z^^^'^jab (B.7) 

Insertion in the effective action (including the source term ( |2.9| )) leads to a 
strangeness-conserving quark mass term only for = /i^m^^. A similar, 
but more complicated relation exists between the strangeness violation in the 
effective potential for 0, x and the strangeness violation in the Yukawa-type 
couplings. 

^"There are also contributions to the A/ —1/2 amplitude which may be absorbed by a 
small change in fiw- 
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The insertion of (|B.6|) in the effective action leads to four-quark interac- 
tions involving two left-handed and two right-handed quarks. Assume that 
/2vi/(fc = 0) can be related to fiw{k) at a typical transition scale around 1 
GeV by following the renormalization group flow of the effective action. It 
can then be matched to the perturbatively (RG-improved) computed value 
of the corresponding four-quark interaction. Since a tree exchange of W- 
bosons always involves at least four left-handed fermions, it is obvious that 
the four-quark interaction of interest can only be generated by a VT-boson 
loop, as appropriate for a one-particle irreducible contribution. We will not 
pursue this road for a computation of the effective couplings fiw,fiw etc. in 
the present work. 

Appendix C: — Kg-mass difference 

For the discussion of the mass difference between Kg and one needs the 



one-particle irreducible AS* = 2 contributions in order M^f' 

+7]2TT{<f)^D^^<f)Xw}TT{<P^D^<f)Xw}) + ... (C.l) 

Here the dots stand for terms involving x- This effective interaction cor- 
responds to an eight-quark interaction. It is related to a vertex with four 
left-handed quarks (e.g. box diagrams with exchange of two W^-boson lines) 
by supplementing the four right-handed quarks needed to form scalars. For 
the kinetic term of the pseudoscalar mesons it reduces to 

Ci^'='^ = ^Al.^^l.^,[r],TT{^^UXe^,UX,} 

+772Tr{9^f/A6}Tr{a^f/A6}] + ... (C.2) 
This induces a difference in the wave function renormalization for and 

Ckin = ^d^Kld,Kl + ^d^Kld,Kl + ... 



3 A^jJ^'w 



V = V1 + V2 + --- (C.3) 

where the dots in f/ stand again for contributions from invariants involving 
the octet x- We normalize /i^2 such that f/ = 1. Using a normalization with 

Zs = l, Mks = Mk, one has M^^ = MkZI^'"^ or 

{Mk, - MKs)a = ^-^hj^ = 0.59 ■ 10-^^ MeV (^) (C.4) 
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to be compared with the observed value 

Mk^ - Mks = 3.522 • 10-^^ MeV (C.5) 



The index d in eq. (|C.4|) indicates that this is only the direct contribution 
from the IPI effective vertices. A further contribution arises from mixing 
effects of the pseudoscalar mesons in first order in AS. In fact, due to weak 
interaction effects the fields in eq. ( |5.27| ) have small off-diagonal corrections 
in their propagators. Expanding C^u ( |10.5|) in second order in 11, 9, one finds 



4^} = 2Awg8[Tr{d^Ud,U\,}-^^^^P^d''9Tr{d^UX,}] 



f 1 + Swx 
3 l + 5Swx/U^ 



-~g^d^fl'd,kl 

lA + h5wx . 2/ l + 5wx 

14 — Aowx 6H^i 1 — 2dwxl( 

Here we use a tilde for the fields appearing in eq. ( p.27| ) which correspond to 
the basis where the quark mass term ( ^.9| ) is diagonal. The physical meson 
fields ir^, g,rj,r]' and 7r^,K^ obtain after diagonalization of the inverse 
propagator. The total quadratic term for the neutral mesons reads 

-Awgsid^^Xkl + -l=d'^f^d,kl) - Awhd^v'd^kl (C.7) 

+\{Mi{^y + Mjf + Mj^'^ + Miiik^f + {kif]) 

and the "physical fields" are given by 



7r° 






V 


= V- 


Ml Awg& 
M2-M|. 73 


v' 


= v'- 


Ml . ~ p.0 




= Kl 


Ml . , 
Ml -Ml 


Kl 


= Kl 





M2 Awh M^, ^ ^ , 



M^-Ml 73 ' M2 - Ml 

(C.8) 

In terms of the physical fields the relevant contributions to £^2) read 

£02^ = 1 (5^7^05^ + d^'7]df,r] + d^rld^rl + d^K%d^,K% (C.9) 
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+ {l + Al,Qz)d^Kld,Kl) 
+ \{Ml{A' + My + M^r^'' + MliKlf + Ml{l + AlQM){Klf) 

where we note the difference in the kinetic and mass terms between and 
Kl, with 

Ml{Ml-2Ml)gl I MI{2M^^-Ml)gl Ml{2M^^, - MlYgj 

(C.IO) 

"^^^ (Mi - M2)2 ^ 3 (M2 - MlY ^ (M2 - MlY ^ ' 

In consequence, the renormahzed masses for K^, read without the 



IPI-irreducible contribution (|C.3|) 



This corresponds to a contribution of the mixing effect to the mass difference 



AI,Mk ( Mlsl 1 Mlsl Ml~gl 



2 \Ml-Ml 3M^-Mj, M^,-Ml^ 



AItMk 



2 

Summing ( |C.4| ) and ( |C.13|) we obtain 



(0.465^8^ + ^8^) (C.13) 



0.17 ^-0.31^8^ --^8 (C.14) 

With typical values ~ 1-5 (cf. eq. ( |10.28D ), and ~ 1 this would imply 
fJ^W2 ~ 300 MeV. This is of the order of the expected characteristic mass 
scale. 

We complete this appendix by a discussion of the effective mixing between 
and vr^. The relevant contribution of VT-exchange to the pseudoscalar 
kinetic term is given by the square of the term linear in (9^11 in eq. ( |10.29| ) 



= -M^{w;^Y'\w-n''^ 

Tr{9^nAUTr{9,nA+} 



.^d^{cen+ + seK^)d,{cen~ + sgR-) (C.15) 
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This has to be combined with similar terms in eq. (|C.6|) . Here we use 
again , vr^ for the fields appearing in eq. ( |5.27| ) which correspond to the 
basis where the quark mass term (|2.9|) is diagonal. In presence of weak 
interactions the fields K^, tt^ have to be related to the fields K^, vr^ for the 
physical pseudoscalar mesons. The latter have diagonal propagators. If we 
only consider effects linear m. Gp-, the relevant bilinear 

+Aw{gs - l){d^'k+d^^- + d^'^+d^k-) (C.16) 

is diagonalized by 
such that 



(C.17) 



Cf^J = d^Ti+df^Ti- + d^K+d^K- + M^vr+vr- + M]^K+K- (C. 18) 

This mixing effect is not relevant for the hadronic kaon two-body decays 
since there are no cubic vertices involving only pseudoscalars in the absence 
of weak interactions. It contributes, however, to the decay of into three 
pions. Furthermore, it leads to an additional contribution to the strangeness- 
violating vertices between baryons and pseudoscalars. 
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